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Decision making is part of most human activities, including the 
design, operation, and monitoring of ^>ace statical missions. 

Decision making arises vAienever people must choose betMeen 
alternative courses of action. It iiKJludes both global decisions, 
such as choosing a station's basic configuration, and local 
decisions, such choosing the best way to overccme a minor problem in 
executing an onboard experiment. Decision ma]dng beccsnes interesting 
and difficult when the choice is non-trivied, either because decision 
makers are unsure %hat outoones the different courses of action will 
bring or because they are unsure vhat outocroes they want (e.g. , vhat 
tradeoff to make between cost and reliability) . 

m 

Much of science and engineering is devoted to facilitating such 
decision maJcing, vhere possible even eliminating the need for it. A 
sign of good engineering management is that there be no uncertainty 
about the objectives of a project. A sign of advanced science is 
that there are proven solutions to many problems, showing hew to 
choose actions vhose outoentes are oertadn to achieve the chosen 
objectives. Where the science is less advanced, the hope is to 
routinize at least part of the decision-^maJeing process. For exanple, 
the techniques of cost-benefit analysis may maice it possible to 
predict the econonic oonseguenoes of a proposed mission with great 
confidence, even if those techniques cannot predict the mission's 
risks to lives and property or show hew those risks should be wei^ied 

against its econcmic costs and benefits (Bentkover et al. , 1985; 
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Fischhoff et al. , 1981) . Or, current engineering kncwledge may allcw 
autcnaticn of at least those decisions \jhere electronic sensors or 
human operators can be trusted to provide accurate initial 
conditions. Indeed^ ^)aoe travel would be irpossible without 
extensive ocnputer-oontrolled decision making for problems involving 
great oonputational complexity or time pressure (e.g. , during 
launoh) . 

An overriding goeLL of space science (and other applied sciences) 
is to eo^and both the range of problems having known solxitions and 
the teohnological capability for deriving and activating those 
solutions without human intervention. In this pursuit, it is aided 
by ocncurrent efforts in other fields. Among them is cognitive 
sciaxa (broadly defined) , vAiose practitioners are attempting to 

m 

diversify the kinds of problems that can be represented and solved ky 
oonputer.^ 

Yet, however far these developments progress, there will always 

be some decisions that are left entirely to human judgment and some 

elements of judgment in even the most automated decisions. For 

example, there is no forsula for unambiguously determining vMch 

basic design configuration will prove best in all anticipated 

circumstances (mucii less unanticipated ones) . Anadogcusly, there is 

no proven way to select the best personnel for adl possible tasks. 

When problems arise, during either planning or cperaticn, judgment is 

typically needed to recognize that something is wrong and to diagnose 

v^t that something is. When alarms go off, judgment is needed to 
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decide vAiether to trust them or the system that th^ mistrust. When 
no alarms go off, si:{)ervisory judgment is needed to decide ^fdiether 
things are, in fact, all ri^t. However thoroui^ training may be, 
each operator must continually worry about viiether others have 
understood their (possibly ambiguous) situations correctly, and 
followed the e^ropriate instructions. Vftien solutions are 
p rogr a mmed, operators must wonder hew good the programming is. When 
solxitions are created, engineers must guess at how materials (and 
people) will perform in novel circumstanoes. Althou^ these guesses 
can be edxied and disciplined by scientific theories and engineering 
models, there is always some element of jvdgmait in choosing and 
ade^±ing those models, oonpounding the uncertainty due to gaps in the 
iDiderlying science. Any change in one part of a system creates 
\moertainties regarding its effects on other system oonponents. m 
edl of these cases, vherever knowledge ends, judgment begins, even if 
it is the judgment of hic^y trained and motivated individuals 
(Fischhoff, 1987; HsOormiede, 1981; Perrew, 1984). 

understanding how good these judgments are is essential to 

knowing hew much confidence to place in them and in the systems that 

depend on them. Understanding how those judgments are produced is 

essential to irpirovlng them, vhether throu^ training or judgmental 

aids. Such vmderstanding is the goal of a loosely bounded 

interdisciplinary field known as behavioral decision theory. Ihe 

"behavioral” is meant to distinguish it from the study of decision 

making in mainstream American econcmics, vhich rests on the 

metatheoreticed assumption that people edways optimize vhen they make 
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decisions, in the sense of identifying the best possible course of 
action. Althou^ plausible in scxae circumstances and essential for 
the invocation of eooncmics' sophisticated mathematical tools, the 
assuirption of optimization severely constrains the kinds of behavior 
that can be observed. It also leaves economics with the limited (if 
difficult) goal of discerning vhat desires people have succeeded in 
optimizing in their decisions. Behavioral decision theory is 
concerned with the conditions conducive to optimizing, the kinds of 
behavior that come in its stead, and the steps that can be taken to 
improve people's performance (Fischhoff et al., 1981; Kahneman et 
eil., 1981; National Research Council, 1986; Schoemaker, 1983; von 
Winterfeldt and Edwards, 1986) . 


R esear ch in this tradition draws on a variety of fields, 

i n cl u di n g psychology, operations research, management science, 

philosophy, political science, and (some) eccmicndcs. As it has 

relatively little institutioned structure, it mi^it be best thou^t 

of as the conjimction of investigators with several shared 

assumptions. One is the concurrent pursuit of basic and epplied 

knowledge, believing that they are mutually beneficial. A second is 

the willingness to take results from any field, if they seem useful. 

A third is interest in using the latest technology to advance and 

exploit the research. These are also the assumptions underlying this 

chapter, vhich attempts to identify the most promising and important 

research directions for aiding space station development. Because of 

the i^oe station's role as a pioneer of advanced technology, such 

453 



research, like the station itself, would have inplications for a wide 
range of other applications. 

The results of research in behavioral decision theory have shown 
a mixture of strengths and weaknesses in people's attenpts to make 
decisions in coiplex and uncertain environments. These intuitive 
psychologiccil processes pose constraints on the decision-ma]dng tasks 
that can be iaposed on people and, hence, on the quality of the 
performance that can be expected from them. These processes ed.so 
offer opportunities for decision aiding, by suggesting the kinds of 
help that people need and can accept. The following section provides 
a brief overview of this literature and points of access to it, 
couched in quite general terms. The next section considers scstne of 
the special features of decision-making in space station design and 

m 

cperation. The following three sections discuss the intellectual 
skills demanded by those features and the )cinds of resecuxh and 
development n eeded to design and augment them. These properties are 
the needs: (a) to create an eiplicit model of the ^oe station's 
cperation, to be shared by those involved with it, as a basis for 
coordinating their distributed decision making, (b) to HasI with 
imperfect systems, capable of responding in unpredictable ways, and 
(c) to manage novel situations. A concluding section discusses 
institutioned issues in managing (and esploiting) such research, 
related efforts (or needs) in other domains, and the philosophy of 
science underlying this analysis. 
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SPACE smnoti decisions and IHEIR EAdmATICN 


Most prescariptive scihesnes for deliberative decision naking (Behn 
and Vaijpel, 1982; Radffa, 1968; von Winterfeldt and Edwards, 1986), 
shof/ing hew it should be done, call for performing sesnething like the 
following four st^s: 

a. Identify all possible courses of action (including, peichaqps, 
inaction) . 

b. Evaluate the attractiveness (or aversiveness) of the 
consequences that mi^t arise if each course of action is 
adopted. 

c. Assess the likelihood of each consequence occurring (should 
each action be ta]oen) . 

d. Integrate all these considerations, \;ising a defensible (i.e., 
rational) decision rule to select the best (i.e., optimal) 
action. 

Frcn this perspective, decisions are evaluated according to hew 

well they take advantage of vhat was known at the time that they were 

made, vis-a-vis achieving the decisicai maJeer's objectives. Ihey are 

not evaluated according to the desirability of the consequences that 

followed. Seme decisions involve only undesirable options, while the 
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unoertadrrty surrounding other decisions neems that bad things will 
happen to sane good choices. 

Ihe following is a partial list of decisions that mi^xt arise in 
the course of designing and operating a space station. Eaoh offers a 
set of action alternatives. Each involves a set of consequences 
vhose relative inportance must be wei^ied. Each is surrounded by 
various unoertadnties vhose resolution would facilitate identifying 
the optimal course of action: 

Deciding whether to override an avrtcnated system (or deciding 
vhat its current state actuadly is, given a set of indicators) ; 

Deciding in advance hew to re^xsnd to a potential energencY; 

Deciding vhere to look for some vital information in a 
ocnputerlzed database; 

Deciding whether to proceed with an extravehicular operation vhen 
sene noncritical, but desirable safety function is inoperative; 

Deciding vhether to r^lace a crew member having a transient 
medical problem (either vhen formulating genered. operational 
rules or vhen epplying them at the time of a launch) ; 

Deciding vhere to put critical pieces of equipment; 
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Deciding how to prioritize the projects of different clients, 
both in planning and in executing missions; 

Deciding vhere to look first for the scurxses of apparent 
problems; 

Deciding v^ch ground crew actions deserve an extra double check; 

Deciding \4:)ether the fli^t crew is to an additional period in 
orbit; 

Deciding vhat to do next in a novel manipulation task; 

Deciding on the range of possible values for a parameter needed 
by a risk aneLLysis of system reliability; 

Deciding jiist how much seifety will be increased by a design 
change, relying on a risk analysis to project its system-vide 
ramifications ; 

Deciding vhat to report to outsiders (e.g. , journalists, 
politicians, providers of ccamoercied payloads) abcut ocnplex 
techniced situations that th^ are ill-pr^>ared to vnderstand. 

These decisions vary in mai^ ways: vho is maJdng them, hew much 

time is available to make them, ^hat possibilities there are for 
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recxTvering fraa mistakes, hew great are the csonseguenoes of success 
and failxjre, vAiat cxniputatioral algorithms exist for deciding vteit to 
do, hew bounded is the set of alternative actions, and v^iere do the 
greatest uncer^inties lie, in evaluating the inportance of the 
oonseguenoes or in evaluating the possibilities for achieving them. 
What these decisions have in oemmon is that sane element of unaided 
human judgment is needed before an action is consummated, even if it 
is only the decision to allcw an automated process to continue 
unmolested. Judgment is needed, in part, because there is some 
element of tmigueness in each decision, so that it cannot be resolved 
simply by the identification of a procedural rule (or set of rules) 
that has proven itself siperior in past applications. The search for 
rules mi^t be considered an exercise in problem solving. By 
contrast, decision making involves the intellectual integration of 

m 

diverse considerations, applying a general purpose integrative rule 
intended to deal with novel situations and "get it ri^t the first 
time." In "interesting" cases, decision making is ccnplicated by 
uncertain facts (Wise, 1986) , so that one cannot be assured of the 
cutceme (and of which choice is siperior) , and of conflicting 
consequences, so that no choice is siperior in all respects (and some 
tradeoffs must be made)^. 

As mentioned, the hope of behavioral decision theory is to 

discern basic psychological processes liJcely to recur vherever a 

particular kind of judgment is required. One hopes, for exanple, 

that people use their minds in semsvihat similar ways vhen determining 

the probability that they knew vhere a piece of information is 
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located in a database and \dien detemining the probability that they 
can tell vdien a ancnvalous neter reading represents a fcLLse alarm. If 
so, then similar treatments mi^t facilitate performance in both 
settings ^ (Fischhoff and MacGregor, 1986; Murphy and Winkler, 

1984) . 

Ihe need to make decisions in the face of inocnplete knowledge is 

part of the human condition. It becomes a human factors problem (the 

topic of this volume) either vAien the decisions involve the design 

and operation of machines (broadly defined) or \ihesn machines are 

intended to aid decisions. Decisions about machines mi^t be aided 

by collecting historical data regarding their performance, by having 

them provide diagnostic information about their current 

trustworthiness, ty providing operators with training in how to 

eveduate trustworthiness (and how to convert those evaluations into 

action) , and by showing hew to e^ly general organizational 

philosophies (e.g. , seifety first) to specific operating situations. 

Decision adding by machines mi^t be irproved by enhancing the 

di^lay of information that operators understand most poorly, by 

formatting these di^lays in ways compatible with users' natural ways 

of thinking, by clarifying the rationale for the machine's 

recommendations (e.g., its assumed tradeoffs, its decision rule, its 

treatment of uncertadnty) , and by describing the definitiveness of 

its recaimendations. A better understanding of how people 

intuitively make decisions would facilitate attaining these 

objectives, as well as developing training procedures to help people 

make judgments and decisions vherever they arise. Just thinking 
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about decision making as a general phencaonenon mi^t increase the 
motivation and opportunities for acquiring these skills. 

DESCRIPTIONS OF DEdSICN MAKING wT FOR Dsnusimot; 

«nmrno)i 

, . . . . . M WUTAnOH 

One way of reading the etopirical literature on intuitive 
processes of judgment and decision making is as a litany of 
problems. At each of the four stages of decision making given above, 
investigators have identified seemingly robust and deleterious 
biases: When people generate action options, they often neglect 

edtematives that should be obvious and, moreover, are insensitive to 
the magnitude of their neglect. As a result, options that should 
oonmand attention are out of mind vhen they are out of si^t, leaving 
people with the impression that they have analyzed problems more 

m 

thorou^y than is actually the case (Fischhoff et al., 1978; Pitz et 

al. , 1980) . Those options that are noted are often defined quite 

vaguely, making it difficult to evailuate them precisely, ccnsnunicate 

them to others, follow them if they are adapted, or tell vhen 

circumstances have changed enou^ to justify rethinking the decision 

(Bentkover et ed., 1985; Fischhoff et al., 1984; Furby and Fischhoff, 

1987; Samet, 1975) . ^precision also ma3ces it difficult to evaluate 

decisions in the li^t of subsequent experience, insofar as it is 

hard to reconstruct exactly what one was trying to do and vhy. That 

reconstruction is further complicated by hindsi^t bias, the tendency 

to exaggerate in hindsi^t vhat one knew in foresi^t (Fischhoff, 

1975) . The feeling that one knew all along vhat was going to happen 

can lead one to be unduly harsh on past decisions (if it was 
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relatively obvious vdiat was going to heqppen, then fedlure to select 
the best option must mean inocnpetence) and to be imduly optimistic 
about future decisions (ty encouraging the feeling that things are 
generzaiy well understood, even if they are not working out so well) . 

Even thcu^ evaluating the relative iitportanoe of potential 
consequences mi^t seem to be the easiest of the four stages of 
decision making, a growing literature suggests that people are often 
uncert2dn about their own values. As a result, the values that they 
express can be unstable and unduly sensitive to seemingly irrelevant 
features of hew evalxiation questions are posed. For example, (a) the 
relative attzractiveness of two gambles may depend on vAiether people 
are asked hew attractive eaeh is or hew much they would pay to play 
it (Orether and Plott, 1979; Slovic and Lichtenstein, 1983); (b) an 
insurance policy may beocme much less attractive vhen its "premium" 
is described as a "sure loss" (Hershey et al. , 1982) ; (c) a risk/ 
venture may seem much more attractive vhen described in terms of the 
lives that will be saved by it, rather than in terms of the lives 
that will be lost (Kahneman and TVersly, 1979; Tversky and Kahneman, 
1981) « Thus, imicert2dLnty about values can pose as serious a problem 
to effective decision making as can laicertaunty about facts. 

Althcui^ people are often willing to acknowledge imoertednty 

about vhat will hempen, they are not always well equipped to deal 

with it, in the sense of assessing the likelihood of future events 

(in the third stage of decision making) . A rou^ summary of the 

volumincus literature on this topic is that people are quite good at 
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tracking repetitive aspects of their environment, but not as good at 
crnibining those observations with inferences about what they have not 
seen (Hasher and-Zacks, 1984; Kahneman et al., 1982; Peterson and 
Beach, 1967) . ' Thus, they mi^t be able to tell how frequently they 
have seen or heard about deaths from a particular cause, but not be 
able to assess how representative their e}q)erienoe has been — leading 
them to overestimate risks to v^ch they have been overeiqnsed (Combs 
and Slovic, 1979; Tvers)^ and Kahneman, 1973). They can tell vhat 
iisually happens in a particular situation and recognize hew a 
specific instance is special, yet have difficulty integrating these 
two (uncertadn) facts — with the most ccmmon bias being to focus on 
the specific information and ignore esperience (or "base rates") (Bar 
Hillel, 1980) . They can tell hew similar a specific instance is to a 
prototypical case, yet not hew inportant similarity is for making 
predictions-^usually relying on it too much (Bar Hillel, 1984; 
Kahneman and Tversty, 1972) . They can tell hew many times they have 
seen an effec± follow a potential cause, yet not infer vdiat that says 
about causedity—often perceiving relations ^Aiere none exist 
(Beyth-41arom, 1982; Eihhom and Hogarth, 1978; Shaklee and Tucker, 
1980) . They have a rouc^ feeling for vhen they knew more and whai 
they know less, but not enou^ sensitivity to avoid a ocnmonly 
observed tendency toward overconfidenoe (Fischhoff, 1982; Wedlsten 
and Budescu, 1983) . 

According to decision theory, the final stage of decision maJung 

should involve isplementaticn of an ejpectation rule, whereby an 

option is ev^duated according to the attractiveness of its possible 
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cxsnseguences, wel^ted by their probability of ocxurrence. Since it 
has beccrne acceptable to question the descriptive validity of this 
rule, much researfch has looDcod at hew well it predicts behavior 
(Dawes, 1979; Feather, 1982; Fischhoff et ed., 1981; Kahneman et al., 
1982; Natioral Research Council, 1986; Schoetnaker, 1983). A rou^ 
summary of this work would be that: (a) the es^sectation rule often 

predicts people's choices fzdrly well — if one knows hew they 
evaluate the probability and attractiveness of consequences; (b) 
with enou^ ingenuity, cne can usuedly find sonie set of beliefs 
(regarding the consequences) for vhich the rule would dictate 
choosing the option that was selected— meaning that it is hard to 
prove that the rule was not used; (c) e}$)ectaticn rules can often 
predict the outcome of decision-^making processes even vhen th^ do 
not at all reflect the thou^t processes involved — so that predicting 
bdiavior is not sufficient for understanding or aiding it; (d) those 
processes seem to rely on rules with quite different logics, many of 
vhich appear to be attempts to avoid making hard choices by finding 
seme way to view the decision as an ecisy choice — for exanple, by 
disregarding consequences on vhich the otherwise-best option rates 
poorly (Janis and Ifemn, 1977; Mongcroery, 1983; Payne, 1982; Simon, 
1957) . 

The significance of these results from experiment 2 d studies 

depends vpon how well they r^nresent bdiavior outside the lab, hew 

much insist they provide into improving decision maJdng, and hew 

adversely the problems that they reveal affect the optimality of 

decisiens. As mi^t be e^qiected, there is no siitple answer to any of 
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these questions. Life poses a variety of decisions, sene of vMch 
are sensitive to even modest imprecision in their formulation or in 
tlie estimation of their parameters, some of vMcii yield an optimal 
choice with eilmost any sensible procedure, and some of vhich can 
tolerate occasioncLL inaccuracies, but not recurrent problems, such eus 
persistently exaggerating hew much one knews (Henrion, 1980; 

Krzysztof owicz, 1983; McOontdek, 1981; von Winterfeldt and Edwards, 
1982) . Placing decisions within a grotp or orgemizationcLL context 
may ameliorate or exacerbate problems, d^^ending on how carefully 
members scrutinize one another's decisions, how independent are the 
perspectives that they bring to that scrutiny, and vhether that 
social context has an incentive structure that rewards effective 
decision ma]cing (eis opposed to reweurding those posture or 
routinely affirm oonmon misconceptions) (Davis, 1982; lanir, 1982; 
I^ers and Lamm, 1976) . 

The robustness of laboratory results is an enpirical question. 

Vhere evidence is available, it generally suggests that these 

judgmental problems are more than experimented artifacts, vhich can 

be renoved by such "routine" measures as encouraging people to work 

harder, raising the stedees contingent on their performance, 

clarifying instructions, varying the subject matter of the tasks used 

in experiments, or using better educated subjects. Ihere are mary 

fewer studies than one would like regarding the judgmental 

performance of experts worlcing in their cwn areas of e:q)ertise. What 

studies there are suggest scene reason for concern, indicating that 

e:q)erts think like everyone else, unless they have had the conditions 
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n eeded to eu^qulre judgment as a learned skill (e.g . , pratpt, 
vuriainbigvicus feedback) (Fisdihoff, 1982; Henrlon and Fischhoff, 1986; 
Murpi^ and Winkler, 1984) . 

The evidentiary reocnnd is also inocniplete with regard to the 
practical usefulness of this research. The identification of oonmon 
problems points to places vhere human judgment should be si:pplanted 
or edded. The aooeptanoe of decision aids (and aides) has, however, 
been somewhat limited (Brcwn, 1970; Fischhoff, 1980; Henrion and 
Morgan, 1985; von Winterfeldt and Edwards, 1986) . One inherent 
obstacle is presenting users with advice derived by inferen tial 
processes differait thztn their natural ones, leaiving uncertainty 
about hew far that advice is to be tioisted and vhose problem it 
really is solving. Developing (and testing) decision aids that took 
seriously the empiriced results of b^iavioral decision theory would 
be a useful resea r ch project. With regard to situations vhere 
decision edds are unavailable, there is sene evidence that judgment 
can be improved by training procedures that recognize the strengths 
and weaknesses of people's intuitive thouc^t processes (Kahneman et 
al., 1982; Nisbett et al., 1983). Here, too, further research is 
needed. 


THE PSYCHOLOGICAL REALITY OF SPACE STATION DECISIONS 

The recurrent demand for similar intellectual skills in diverse 

decisions means that any research into decision-making processes 

could, in principle, provide sene benefit to the space station 
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program. Hbwever, there are sane ocnditlons that are particularly 
important in the space station enviromnent and, indeed, mi^t rarely 
occur in less ootplex and technologically saturated ones. The 
challenges posed by such conditions would seem to be suitable and 
iirportant foci for NASA-swpported research. Three such conditions 
are described in the remainder of this section. Each subsequent 
section considers research issues pertinent to one of these 
conditions. In each case, significant progress appears possible, but 
would appear to demand the sort of sustained programmatic effort that 
NASA has historically been capable of mustering. 

1; The need to create a widely f d^ared ni odel of the space 
station and its support systems . The technical kncwledge needed to 
manage the ^>aoe program is widely distributed over diverse locations 
on earth and in space, in different centers on earth, and across 
different people within each earth and space center. As a result, 
there are prodigious technical prcblems involved in ensuring 
conpatibility, consistency, and cxrtcurrency among the ccnputerized 
databases ipon which these scattered individuals rely. Even if these 
problesnos of infcnanation transmission can be resolved, there is still 
no guarantee that the diverse individuals at the different nodes in 
the system will be aware of the infozmation avedlable to them, nor 
ocnpr^iend its meaning for their tasks, nor be alert to all changes 
that mi^t eiffect their work. Even with a static database, there may 
be problems of understanding %hen the individuals have very different 
kinds of e}<pertise, such that their contributions to the database 

cannot be readily understood (or evaluated) by one another. 
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The manag emen t of such systems requires the creation of some sort 
of systemtwide m6del within vAiich individuals can pool their 
knowledge and from vdiich they can draw needed information. That 
model may be a loosely organized database, with perhaps a routing 
system for bringing certain information to the attention of certain 
people (attenpting to strike a balance between telling them too much 
and too little) . Or, it may be an es^icit coordinated model, such 
as those used in design processes guided by procedures like 
pixbabilistic ri^ analysis (McCormick, 1981; U.S. Nuclear Regulatory 
Commission, 1983) . These models assign new information into an 
integrated picture of the physical system, possibly allowing 
oonputaticml predictions of system performance, vhich can be redone 
vhenever the state of the system (or the theoretical undeirstanding of 
its operation) changes. Shared models with such ocmputation 2 d 
abilities can be used to simulate the system, for the saice of 
ccnparing the effects of design changes, training operators for 
emergencies, and troubleshooting (by seeing vhat changes in the 
system could have produced the observed aberrations) . Such models 
are useful, if not essentied, for achieving NASA's goed of adlcwing 
"crews to intervene at extremely low levels of every subsystem to 
r^)air failinnes and take advantage of discoveries" (NASA, 1986) . 

Less ambitious models include spreadsheets, status displays, even 

simple engineering drawings, pooling information from varied human 

and machine sources (cdthou^, ultimately, even machine-sourced 

information represents some humans' decisions regarding vhat 
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information should and can be summarized, transmitted, and 
dii^layed) . All such models are based around a someihat artificial 
nodeling "language" vhich is capable of representing certain a^»cts 
of ocnplex systene. Using them effectively requires "fluency" in the 
modeling languages and an understanding of their limits. Ihus, for 
exanple, decision analysis (Behn and Vav?3el, 1982; Raiffa, 1968; 
von Winterfeldt and Bdwarxis, 1986) can offer insist into most 
decisian-making problems, if decision ma ke r s can describe their 
situations in ^ ^i=^•^nwg of options, oonsequenoes, tradeoffs, 2 u>d 
probabilities — ^and if they can recognize hew the problem described in 
the model differs frem their actual problem. Probabilistic ri^ 
analyses can aid regulators and designers to vinderstand the 
reliability of nuclear pewer plants by pooling the knowledge of 
diverse groups of engineers and operators — ^as long eus everyone 
remembers that such models cannot capture phencmmmi such as the 
"intellectual ccramon mode failure" that aurises vhen operators 
misunderstand an emergency situation in the same way. 

The creation, sharing, interpinetation, and medntenance of such 

models are vital to those organizaticais that rely on them. The 

unique features of such models in the cxsntext of NASA's missions are 

their size and conplexity, their diversi"^ (in terms of the kinds of 

eopertise that must be pooled) , and their forroedity. That fornality 

comes not only from the technical nature of much of the information 

but edso from the need for efficient telecxanniunications among NASA's 

distributed centers. Formality conplicates the cognitive tcisk of 

cxanraunication, by eliminating the informal cues that people rely ipxai 
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to vmderstaiid one another and one another's work. It may, however, 
sinplify the cognitive study of such ocanmunicatlan by rendering a 
high portion of significant bdiavior readily observable. It may also 
sinplify the cognitive engineering of more effective model building 
and sharing, insofar as better methods can be permanently and 
routinely incorporated in the appropriate protocols. Research that 
mi^t produce such methods is discussed below. 

Condit ion 2; The need to make decisions with imperfect systems . 
Decisions involving uncertain^ are gambles. Althou^ it is an 
uncomfortable admission vhere human lives are at stake, many critical 
decisions in ^ce travel are gambles. The uncertainties in them 
come fraa the limits of scientific loiowledge regeunding exactly how 
various elements of a mission will perform, from the limits of 
engineering }oxwledge regaurding how different system elements will 
interact, from the limits in the teohnical capacity for modeling 
conplex systems, amd from the unpredictability of humaui operators 
(who are capable of fouling and saving situations in novel ways) . 
Indeed, despite NASA's deep commitment to planning and training, the 
nature of its mission demands that sooxte level of uncertainty be 
maintained. It is expected to extend the limits of what people and 
mac hine s cam do. Performamce at those limits cannot be tested fully 
in theoreticad amadyses amd simulation exercises. 


In order to gamble well, one needs both the best possible 

predictions regarding a system's performance and a clear appraised of 

the limits of those predictions. Such an aissessment of residuad 
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vinoertalnty is needed in order to guide the oollection of additicml 
information, in order to guide preparation for surprises, and, most 
important of ed.i; to guide the decision as to vAiether a mission is 
safe enou^ to proceed (considering NASA's overall saifety 
philosopiy) * Using information wisely requires an understanding of 
just hew good it is. 

Because gambling is so disteisteful, there is constant activity to 
collect (and produce) additionad knowledge, either to perfect the 
system or to clarify its inperfections. As a result, the state of 
knowledge arid the state of the system will be in constant flux, even 
without the conti n ua l changes of state associated witii its ongoing 
operations (e.g. , testing, training, wear) . Somehow, this new 
information must be collated and disseminated, so that those 

m 

concerned with the system knew vhat is happening and know how much 
one another knews. In this way, dealing with uncertainty is related 
to dealing with a shared model. 

For eperators, this residual vmcertainty creates the constant 

possibility of having to override the system, in order to rescue it 

from some unanticipated circumstance or response. Hiat override 

mi^t involve anything f rom a mild course correction to a fundamenteLL 

intervention signalling deep distrust of a system that seems on the 

verge of disaster. As the physical stakes riding on the decision 

increase, so do the socied stakes (in the sense of the responsibility 

being taken for system operation euid the implicit ohadlenge to system 

designers) . Thus, operators, as well as designers and managers, must 
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be able to assess the system's trustworthiness and to translate that 
assessment into an appropriate decision. 


The variety of individuals with knowledge that could, 
conceivably, pronpt override decisions means that coping with 
uncertednty is an intellectucd skill that needs to be cultivated and 
facilitated throu^iout the organization. It also means that the 
system's overall management philosophy must recognize and direct that 
skill. For example, a general instruction to "avoid edl errors" 
Implies that time and price are xinimportant. Mhere this is not the 
cases, personnel are left adrift, forced to make tradeoffs without 
esqpliclt guidance. Such an official belief in the possibility of 
f ai]lt-free design may also discourage the treatment of those faults 
that do remain. Meoiy fedlsafe systems "work" only because the people 
in them have learned, by trial and error, to diagnose and re^xsnd'to 
problems that are not si:$posed to hs^spen. Because the existence of 
such xmofficizd intelligence has no place in the official design of 
the system, it may have to be hidden, may be unable to get needed 
resources (e.g. , for record keeping or reedlstic exercises) , and may 
be destroyed by any change in the system that invalidates operators' 
undaostanding of its intricacies. From this perspective, where 
perfection is impossible it may be advisable to abandon 
near>^)erfection as a goal as well, so as to ensure that there are 
encu^ problems for people to learn how to cope with them. Moreover, 
steps toward perfection should be very large before they could 
justify disrupting accustomed relationships. That is, technological 

instability can be a threat to system operation. 
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Cbndition 3; The need to mate novel decisions, in non-rcMtine 
cfi-hi^'hioirwa . With nearly perfect systems, rare prcblems are always 
somewhat novel. Even vAien they have been euiticlpated and 
incorporated in contingency plans, there is always some uncertainty 
about v^iether the pixblems that aurise can be identified with the 
ccnparable problecns in the plans. Where the plans can be 

retrieved, there is still some uncertainty about vAiether they will 
seem lite the ri^t thing to do once the contingency is confronted 
"in the flesh.” 'Ihe retrieval of plans is an exercise in pattern 
matching. However, it also involves a series of deci s ions regarding 
\Aiether a contingency has arisen, \Aiich plan is meant to fit the 
cu r rent situation, and vhether that plan is to be trusted. 

m 

Yet other decision problems will be entirely novel and 
unarrticipated. Such situations mi^t be considered the purest form 
of decision making, clearly calling for the integration of diverse 
pi^apes of information in eui effort to identify tiie ri^t course of 
action, often having to get it ri^it the first time. Where time 
constraints are great, such decision making may involve just the raw 
eygrc j se of intuitive thought p>rooesses. Gaw intuition may also be 
the psrimary ingredient for more leisurely decisions, when there is no 
accepted structure for decision ma]dng. That may happen, for 
ex^aIple, vhen problems fed.1 at the intersection of several 
jiurisdictions or vhen they require tradeoffs regarding vhich the 
organization lacks policy. 
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In such situations, decision maJcing nay be seen as involving 
several 3cinds of ''research.” These include understandirg the 
interactions among subsystems previously thou^t to be relatively 
independent, discerning hew the organization's underlyii^g safety 
philosophy applies to a particular novel case, generating action 
options to evaluate, and ferreting shared nisoonceptions. 

When there is an adgorithmic procedure for deciding vhat to do, 
the novel'^ of a decision may lie in having to d ea l with a unique 
state of the physical system. Understanding that state requires more 
than the usual trcwbleshooting (i.e. diagnosing vhich of a Itnown set 
of problems has produced the observed syuptcms) . Rather than that 
sort of (sophisticated) pattern matching, unique states require the 
equivalent of on-line research. That research may involve short-term 
engineering anedysis, using whatever adjects of the overall design 
model can be accessed within the time constraints. When formal 
models are ina c cessible, then the anzdysis must be performed within 
the "mentel m od e ls” of the decision makers and their eddes. In 
either ceise, judgment is needed to choose the information-gathering 
procedures with the highest "yield,” in terms of lypothesis testing. 

In addition to the cognitive difficulties of making unique 
d e cisions, there may al s o be institutional difficulties to gedning 
support for vmfa m ilia r actions based on interpretations of vedues and 
facts that are not es^licitly part of organization's Soared model. 
There not be the time needed for customary censensus-building 

efforts. There may not be clear recognition of the needed autoneny. 
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Ihere nay be tmusual exposure to being evaluated in the li^t of 
biased hindsi^t. There nay be problens in oooxxiinating the 
activities of those involved in isplementing the decision. These 
difficulties affect the ability to anticipate the oonseguenoes of 


taking various actions, as well as decision nakers* ability to take 
those actions that seem ri^t to them. 


DRAFT 


IV J 


RESEftPCH NEEDS! CEEKEnC A SHARED MXEL IWf F®R DBTRlBu 

AirtBunoN 

os QfWTATIOII 

The creation of explicit shared models demands several general 


intellectual skills. Each could be the source of problems and the 
object of research. Where procedures exist (or can be discovered) 
for enhancing those skills, there should be good c{:portunities to 
iinplement them widely (e.g. , in the ocnputer programs used for 
eliciting and presenting models) . Something is knew about the 
exercise of each- of the skills.^ If the same skills recur in the 


creation of many kinds of models, then learning more about them could 
provide seme generally useful knowledge. They are: 


Skill 1: identifying and characterizing the key oenponents of 

the system being modeled. 


Skill 2: identifying and characterizing the interrelations 

between those oenponents. 


Skill 3: estimating quantitative model parameters. 
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Skill 4t evaduating the quality of the model. 


In the case of a probabilistic risk analysis, exercise of the 
first skill include detennining vdiich pieces of physical 

equipment (e.g. , valves, controls, piping) are vitol to system 
performance and describing them in sufficiently precise terms as to 
allow further analysis. Ihe second skill includes determining vMOh 
malfunctions in System X need to be considered \Ansr\ stucfying the 
performance of System Y, and vAiat the functicml form of their 
relationship is. Ihe third skill mi^t include determining the 
probable distribution of failure rates for particular system 
oonponents (e.g. , valves, maintenance measures) . Ihe fourth skill 
Involves actions such as determining the range of vzdues to be used 
in sensitivity analyses, assessing the information yield of possible 

m 

research activities, and determining how well the system is 
understood (as a prologue to deciding whether it is understood well 
enou^ for action to proceed) . 

Creating such engineering models can be seen as a special case of 

the general problem of eliciting information from experts. It 

differs fixm the perspective associated with vhat are usuadly cedLled 

"expert systems." Here, the modeling language does not attempt to be 

a natursd one. Rather, it is a flexible analytic language, capable 

of modeling a wide variety of situations and pooling the knowledge of 

diverse e}perts — if they can express themselves in the terms of the 

language. Thus, the core of the needed research programme is an 

examination of how people esqjress their beliefs in the terms of 
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abstract languages^ and hew they interpret the espresslons of others' 
beliefs in the models that they share. 

As with "expert systems," these models can help users understand 
(and cnnmunicate) the nature of their cwn expertise. Models force 
one to be espllclt and cdlcw one to simulate the effect of varying 
assumptions on model performance. However, If the language is 
avdeward, or irpreclse, or inconsistently interpreted, then users may 
not ]<ncw vdiat they are talking about. If the syntax is unintuitive, 
then users may not understand the implications of the relations that 
they have described. In such cases, expertise couched in terms of 
true natural languages, with their deep dependence on tacit 
knowledge, may not ensure expertise with the modeling language. 

There even may be a role for interpreters, helping experts express 

m 

vhat they knew in terms that the language can accept. 

As a small example of the possibility of such difficulties, 

(Fischhoff et ed., 1978) two groips of experienced garage mechanics 

were asked judge the completeness of tree-like grephlc depictions of 

possible reasons ihy a car mi^t not stop. One groep jixiged a fairly 

complete tree, the second a tree vhich major ^sterns (e.g. , 

battery, ignition) had been pruned. Even thouc^ the pruning removed 

systems judged to include approodmately 50% of problems, the pruned 

tree was judged to be almost as complete as the full one. The 

(pruned) systems that were out of si^t were effectively out of 

mind. Althou^ these e:perts clearly knew about the missing systems, 

they had difficulty interpreting that knowledge in the terms of the 
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nodal. Their ei^jertise nd^t have been better es^jloited by having 
them list specific instances of no-starts, rather than asking for 
direct estimates of cccpleteness. A second set of exanples lies in 
the reseeuxh literatures documenting the difficulties that people 
have with testing hypotheses and discerning caused, relations (Evans, 
1982; Fischhoff and Beyth-Marcm, 1983; Kahneman et al., 1982; Nisbett 
and Boss, 1980) . 

understanding these properties of modeling languages is important 
to having realistic eipectations frcn them. Bnproving people's 
flxiency with them is critical to inproving the quality of modeling 
and the abilily of shared models to serve an organization's needs. 
From this perspective, what is needed, in effect, is an understanding 
of engineering design eis a cognitive and socied process, focused on 
these esiplicit eogiressions of it. 

Evesry modeling language (like every other language, presumably) 

is better at capturing some kinds of situations than others. For 

example, most engineering languages are ill-suited to describing the 

actions of humans within a technical system (Hollnagel et al . , 1986; 

Basnussen airi Bouse, 1981) ; economic techniques, such as cost-benefit 

analysis, are ill-suited to treating goods that are not traded 

directly in an unrestrained market; military intelligence analyses 

have more of a pl 2 ioe for quantitative, teuirtical information (e.g. , 

about vhat the enemy has) than for qualitative, strategic information 

(e.g. , about vhat the enemy really wants) . Such situations leave 

users with the difficult task of integrating two qualitatively 
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different kinds of infontation, differing in how reeuiily th^ can be 
incorporated in the model. Research is needed into how to extend the 
range of m o de ling languages, and into how to help users de a l 
systematically with those factors that are left out. 

Once m odels have been created, th^ must be nrpnm i niinj^'^Qd, raising 
the question of vho needs to knew vhat. Some balance must be struck 
between telling too much and too little. One research approach to 
developing ccramunication guidelines would come out of 
vEdue-of-information analysis, asking what information effects the 
gr eate st difference in the expected value of the specific decisions 
that need to be made at different nodes (Raiffa, 1968) . A 
ccaDtplementary, cognitive approach would consider how broad and d eep a 
picture people need to see in order to understand the interface 
between their cwn actions and those taken elsewhere. A third, more 
social approach would ask hew people anticipate vhat others in the 
system )otcw, so as to be able to Interpret their actions (Gardenier, 
1976; Metcalf, 1986). 

After a m od e l has been created, it must be iipda tAd , both as the 

system changes and as better information about it is received. 

Althcu^ the natural desire is adways to be curre nt , that can create 

problems of unders tand ing and coordination. For example, with an 

evolving system, design changes that are introduced piecemeal may 

have systenMtfide ramifications that are never detected. Or, users 

may find it difficult to dead with a picture of the system that is 

never the same aus vhen they laist consulted it. Both of these kinds 
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of problems mi<^t be ameliorated by relying instead on periodic 
model-wide updating, at the price of letting the model become 
increasingly cut of date as the last revision becomes more distant in 
time. Presum^ly, these "cognitive concurrency" problems, and their 
reocraraended treatments, will vary with the nature of the system and 
the changes. 


Better models (and better use of existing models) would directly 
produce sane better decisions, in those situations vhere action 
follows directly from the ancdysis of the facts. In other cases, the 
facts do not speak for themselves, tut must be considered in the 
li^t of organizationed policies. In such cases, there may be seme 
place for decision aiding. Ihe shared model could attenpt to 
identify relevant policies and extract their inplicaticns for 

m 

particular decision problems. To avoid the rejection that decision 
aids frequently have ejqjerienced, they would have to aid decisions 
without usurping decision-snaking responsibility. That calls, in 
part, for cognitive research (e.g., on hew to di^lay the assumptions 
and definitiveness of recemmendations) and, in part, for socied 
research (e.g. , on hew to justi^ aided decisions) . 

RESEftRCH NEEDS: USING IMPERFECT SYSTEMS 

Ihe key to i:ising imperfect systems is understanding their 

imperfections. In part, that is a question of factual knowledge 

about problems and their solutions. In part, that is a question of 
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appraising the limits to one's xmderstanding of the system. That 
understanding is essential to being rea<^ for surprises. 

As mentior^ earlier, ooisiderable research has examined people's 
ability to assess the limits of their own understanding (Wallsten and 
Budescu, 1983) . Typically, it has shcMn weak positive correlations 
between hew conf Idait individuals are in their own knowledge and how 
extensive that knowledge is. Although individuals are more 
knowledgeable vhen they are more confident, the relationship in quite 
inperfect. The most common overadl tendency is toward 
ovesxxsnfidenoe. Similar results have been observed in various 
settings, including sene involving experts making judgments in their 
eureas of expertise (Henrion and Fischhoff, 1986; Hynes and Vaimareke, 

1976) and some involving people's assessment of their xmderstanding 

* 

of technical systems (Fischhoff and MacGregor, 1986) . 

Although it could express itself as overconfidence in the 

reliability of a system, overxxnfidence in cne's own xmderstanding 

could also express Itself in vindua readiness to override a system and 

assume personal control. This has, for example, been the eiperienoe 

with attenpts to autemate various kinds of clinical diagnosis (Dawes, 

1979) . It is, therefore, important to knew hew accurately the 

operators and designers of a system are able to assess the extent of 

their cwn understanding of its operations. If these assessments are 

inaccurate, then it becomes important to know vhat cognitive 

processes are involved in assessing confidence (e.g. , vhat cues do 

operators attend to? how do they weigh conflicting cues?) . These 
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processes provide the points of leverage for iriproving their 
self-understanding (e.g. , by training, restructuring infontation 
flows, formalizing the evalxiaticn process) . 

One methodological obstacle to creating more reedistic 
eigiectations is the difficulty of eveduating current es^aectaticns in 
operatioml settings. Sane novel procedures are needed to extract 
escpectations in a more or less online manner and then to ocnpare them 
with actual system performance. It may be possible to meter 
performance in some way, or to create a "black box" that could be 
xised to ocnpare vAiat operators thou^t was happening with what was 
really happening (following successful operations, as well as 
following unsuccessful ones) . 

Once the accuracy of e)$)ectations has been assessed, it must be 

ocmnunicated in ways that will appropriately shape operator (and 

designer) behavior. Research has shewn that just telling people 

about a judgmented difficulty has little effect, without some 

instruction in how to think differently and in how to match abstract 

principles of thouc^t and anedysls to concrete problems (Fischhoff , 

1982; Kahnenan et ed., 1982; MUrphy and Winkler, 1984; Nisbett et 

al. , 1983) . Further research is needed in this aspect of helping 

people to use their minds better. It ml^t include exploration of 

edteznative statistics for characterizing either the system or 

observers' understanding of it. Information about system reliability 

cculd cone in the form of various summary statistics, but also in the 

form of structural information that mi^t provide insist into the 
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nature of problems as well as their magnitude. For ecatrple, it mi^t 
be helpful to know about unresolved tensions in the design team, 
about the kinds of individuals (if ary) vbo r^resented the 
perspectives of operators during the design process, about the nuirber 
(or recency) of changes in design philosophy, about the state of the 
science underlying the design, and about the kind of external peer 
review to which the design was subjected. Whether such cues contain 
valid information is an analytical question. Whether that 
information can be vised is an enpirical bdiavioral question. 

Expectations are the product of 2^1ying general beliefs to 

specific situations, as they are revealed by a system's external 

indicators. Normally, designers do everything possible to improve a 

system's transparency , that is, the chances that its status and 

operation will be Interpreted appropriately. Where transparency is 

less than oonplete, hcwever, operators need to vmderstand a system's 

imperfections. The degree to vhich a system facilitates that 

understanding mic^t be termed its metatransparencv . In principle, 

transparency and metatransparency micht be quite independent. In 

practice, they mi^t even vary inversely. For exanple, summary 

presentations of current astern status could facilitate getting a 

genered feeling for the system, but obscure the raw observations that 

provide cues to the reliability of that summary. More generally, any 

refinement to a system can disrv^ those finer points of its behavior 

that provide vital cues to judgments of its reliability. Ihus, 

designers mio^ consider when operators would be better off with a 

system that is harder to read but has better understood quirks. To 
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avoid such tradeoffs, they micht be helped by reseeuxh into how to 
introd u ce inprovements without disrupting operators' local 
kncvrledge. This question is anedogous to the questions of how to 
ipdate H o dels '(discussed above) and how to avoid deskilling 
(discussed below) . 

One potentied source of information regarding the limitations of 
a system is analysis of specific problems that it has had. Superior 
methods for incident aralysis would be useful in this regard. One 
problem facing those methods is having mixed and conflicting 
purposes. Assigning blame, determining causali^, and estimating the 
probability of future mishaps are missions that call for somesAiat 
different and inccnpatible procedures. A second problem is the 
effect of hindsi^t bieis, vdiich can distort observers' 
interpretations of past events and even the memories of direct 
p^icipants (Pew et al. , 1982) . A third obstacle to effective event 
analysis is antoiguity in the definition of events. For exanple, if 
incidents are defined too narrowly, then the lessons learned may 
ensure that a particular event sequence will not recur, but give the 
feeling that a viiole class of events has been treated. Hfere, too, 
research is needed into the cognitive processes contributing to these 
problems and the procedures for overcoming them. 

If events are defined precisely, then they may be amenable to 

theoretical analysis of the optimal breadth (or level) of analysis. 

As the category of event being studied broadens, a wider set of 

evidence becomes available, at the price of being able to reach less 
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precise ocnclusions and reocnitnendations.^ Ihere are other 
behavioral aspects of dealing with iitperfect systems that mi^t 
benefit frcm aralytical work. One is evalvating the sensitivi-^ of 
decision making to different kinds of inperfection in information 
(Henrion, 1980; Krzysztof owicz, 1983; IfcCormick, 1981; von 
Wint^eldt and Edwards, 1982) . Another is seeing how uncertainty 
about different eispects of the system accumulate to an overzd.1 
estimate of its reliability (e.g. , do they cancel or anplify one 
another) . Another is providing sate insist into the ai^orptotic 
level of reliability possible with systems of different levels of 
oorplescity (Perrcw, 1984). 

Ihe @}^>ressian of a lack of confidence is the de c ision 

to override a system over vAiich the operator exercises sijpervisory 
control. It would be useful to have a fuller descripticai of the 
override decision. What cues set it off? What st^ are taken to 
confirm suspicions? How wide a set of system oatponents (or operator 
actions) is called into question? What is the residual core of solid 
beliefs about the system? What cues are interpreted as demonstrating 
the return of control? How does one override decision affect 
subsequent behavior? In addition to descriptions of such decisions, 
one would want evaluations of their validity. Such evaduations mi^t 
be available in existing system performance statistics. Or, 
operators' oonoems mi^t direct further reseeuxh about the system. 
What operators do in the essentially novel situations crea t ed by a 
decisiai to override is the topic of the follcwlng section. 
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PESEARCH NEEDS: MANAGING NCN-P0[7riNE STIUATIQMS| 


[ fOR DSTRiSVnu; 

^ ATTRINniON 

Ary system ooncemed with irregularities that pose sericMS PR WionTiON 
threats to life and property must prepare for oontingencies. One 
standard method for doing so is by contingency planning: possible 

problems are anticipated; the best solution to each is identified; 
those solutions are then incorporated in the training of operators. 

If successful, such exercises will lead to the decision regarding the 


e^spropriate response being made well before ary contingency arises. 
Such deliberate decisions should benefit from the reduced time 
pressure, reduced (emotionad) stress, and greater ability to recruit 
diverse esqserts (or even td conduct research) vhich comes with 
planning, m this view, operators will be relieved of the need to 

make decisions in non-routine situations, by making those situations 

« 

familiar in the form of hypothetical e:^)erienoes (even if those have 
yet to be es^arienoed in reality) . The decisions will be made by the 
contingency planners, leaving the operators to decide that some 
contingency has arisen and to decide which one it is. Then, the 
correct plan is accessed and executed. 


Ocntingency planning requires a number of intellectual skills, 

each of vhich could benefit from study directed at ways to augment 

it. At the planning stage, these skills Include the ability to 

imagine oontingencies at edl, the ability to elaborate tlieir details 

sufficiently, the ability to gmierate alternative responses for 

evaluation, the ability to evalmte those responses criticcdly in the 

bypothetical mode, and the ability to ccmmunicate the resultant 
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decisions to operators. At the execution stage, these skills include 
the abili^ for operators to diagnose their crisis situations in ways 
that edlow them to access the correct plan. Failures at either of 
these stages may result in ineffective decisions or in operators 
wondering about the appropriateness of the decisions that they are 
required to ioplement. 

These problems are aralogous to those facing effective emergency 
training in simulators. One worries, for exainple, that those vho 
develop simulator exercises, teach the textbook responses, and 
evaluate operators' performance share some deep misconceptions about 
the system's operation — so that some critical contingencies are 
never considered. One edso worries that spotting contingencies in 
the simulator mi^t be quite different from spotting them in reality, 
vhere the system may have a different operating history or different 
social setting, or \diere operators are not as primed to eaqpect 
problems (vhich typically come at enormously hi^ rates in 
simulators) . Uhderstanding hew people perform the cceponent tasks in 
contingency planning ml^t help decrease the nunber of non-routine 
decisions that have to be made (by making contingency planning more 
effective) and help assess the need for maJdng non-routine decisicxis 
(by assessing the limits of contingency planning) . 

Such understanding mic^t also help reduce the threats posed by 

undue relia n ce on contingency planning. One such threat is taking 

too seriously designers' idealizations of tlie system. Such models 

often provide a convmrdent basis for generating problems and 
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exercises. Ttisy nay even be used to run automated sinulators. 
However, it is in the nature of ncdels that they capture but a piece 
of readity, often without a clear (and ccmmuriicated) understanding of 
just vdiat that piece excludes. In some cases, a model is actually 
made to do double duty, being used by designers to discover 
limitations of the system (leading to design changes) and by trainers 
as though it represented a stable, viable operating system. 


More generally, one needs to worry about how routine system 
operations affect operators' ability to deal with non-routine 
situations. Inadvertently inculcating undue faith in a basic design 
that typically functions well would be one kind of interference, as 
would acting as though contingency planning had routinized the 
treatmmit of novel situations. Institutional threats mi^t include 
fedling to tr2dn for handling non-rcutine situations or failing to' 
reward those \dio naturally have the skills for doing so (assuming 
that such skills could be discerned) . The previous section suggested 
the possibility that the continuous introduction of design 
improvements or tlie polishing of synthetic data di^lays mi^t 
disrupt operators' abili'ty to "read" the system's state and to 
diagnose novel situations. 

A general theoretical perspective for such research would be to 

consider the particular informational ecology in vdilch judgment is 

acquired as a learned skill, l^henever that ecology changes, then 

there is some need to refine or alter judgmental skills, and some 

threat of negative transfer. A variant on this threat is deskilling, 
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«her^::y useful intellectual skills are alleged to wither or are 
neutralized by design features or changes. For exanple, eus 
autcBnation increases, operators will increasingly be faced with 
neeu^-perfect systems, viiich fail so seldcm that there is little 
opportunity to learn their idiosyncracies. Ihe problems of getting 
operators "back in the loop" so that they can cope with non-routine 
decisions nay require sane reduction in automation and perfection. 

Ihe result of deautanation ni^it be an increased rate of errors 
overall, but a reduced rate of catastrophic ones (a result that would 
be hard to prove given the low rate of occurrence for catcistrophes) . 
Research on these issues would seem hard and important. 

Whenever there is sane significant chance that contingency 
planning will not do, some capability is needed for making decisions 

m 

in reed time, starting fron a raw analysis of the situation (perhaps 

after going part of the way with an inappropriate contingency plan) . 

Training (and rewarding) the relevant intellec±u2d skills (i.e. , 

basic decision-ma]dng abilities) would seem extremely important. 

Much more needs to be knewn about hew it can be done. For example, 

operators need to be able to generate good options regarding vhat 

mi^t be happening and what mi^t be done about it. Studies of 

(Creativity, in vogue sane years ago, ostensibly examined this 

question. However, they used rather simple tasks and rather simple 

criteria for evaluating options (typically, the more the better) . 

One potential aid to testing those opticais that are generated would 

be on-line, real-time system simulators. These (xuld help eperators 

diagnose the situation tiiat th^ see by simulating the situations 
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that would arise ftxm various possible initiating conditions. T3i^ 
could allow simulating the effects of various interventions. 
Getting such systems to work suggests some interesting confuting and 
interface design problems. 

A scnehhat different kind of aid would be beise-rate information 
describing typiced. perfornance of the system (or ones like it) xaider 
partic u lar* conditions. Ihat information mi^t describe, for example, 
vhat kinds of manipulations (in general) give one the best chance of 
being able to recover if they do not seem to be working, vhat 
manipulations provide the most diagnostic information abcut their 
fedlii^, vhat are the best sources of information abcut current 
system status. Such statistical information mi^t prove a useful 
oonplement to infoimation abcut the system's inte n ded 

operation. Its collection would represent an institutioned 
commitment to learning frcm experience systematically. 

It is often assumed that the choice of actions follows directly 
fa rm dizignosing of the situation and anticipating of the effects of 
possible interventions. However, all decisions are contingent on 
objectives. Most organizations have ccnplex objectives, some 
admitted and seme implicit. Decision making can be paredyzed if the 
implications of those general values cannot be extracted for 
particular situations. It can be diseistrcus if the interpretations 
eu:e inaFprepriate. Here, too, a mixture of anadyticed and behavioral 
work may help to Improve that application and anticipate 
mdsapplications . 
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The tcpics descriJDed here were selected for their inplications 
for design and operation of equipment such as would be found in 
the space station and its sipport systems. They are, however, 
described in terns of the general psychological processes that they 
involve. As a result, they could be pursued both as part of the 
development work for specific NASA systems and as basic research 
issues examined in laboratory settings intended to represent 
low-fidelity simulations of the actU2d NASA environments. Similarly, 
NASA could contribute to concurrent research prompted by other 
systems that place similar intellectual demands on designers and 

m 

operators. Such connections would help to ensure the transfer of 
technology from NASA to the general community concerned with 
automation. 


Insofar as this research deals with problems relevant to other 

technologically saturated environments, it should be able to learn 

from developments there. One relevant trend is the increasing 

scrutiny that is being given to the quality of e)$)ert judgmmit in 

techniced systems. Seme of that interest comes from within, cut of 

oonoem for irproving the engineering design process. Other interest 

comes from outside, out of the efforts of critics vho wish to raise 

the standard of accountability for technological problems. In the 

face of that criticism, e^qpert judgment proves to be a particularly 
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vulnerable target. Althcu^ there is frequently great fedth within a 
profession in the quali'^ of its judgments, there is not that much of 
a research base on vhich to base a defense (Feyerabend, 1975; Morgan 
et al., 1981; Nellcin, 1984) . Such research wculd have considerable 
basic, applied, and even political interest. 


A second relevant trend is the introduction of conputers into 
industrial settings. The creation of equipoaent has always carried an 
iirpliclt demand that it be conprehensible to its operators. Htwever, 
it was relatively ea^^ for designers to allow a system to ^»a]c for 
Itself as long as operators came into direct contact with it. 
Ocnputerization changes the game by requiring esqilicit sunroary and 
display of information (Hbllnagel et al., 1986). Ihat, in turn, 

requires some theory of the system and of the operator, in order to 

* 

]cncw vhat to show and how to shape the interface. That "theory" 

mi^t be created in an ad hoc fashion by the system's designers. Or, 

there mi^t be some attempt to involve designers with some expertise 

in the behavior of operators, or even representatives of the 

operators themselves (even in places vhere they do not have the hi^ 

status of, say, pilots) . A prejudice of this article, and others 

pieces written from a human factors per^)ective, is that concern over 

operability should be raised from the very inception of a project's 

development. Only in that way is it possible to shape the entire 

design with operability as a primary ooncem, rather than as a 

tadc-on, designed to rescue a design that has been driven by other 

conoems. As a result, raising these issues is particularly suited 
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for a long-tena development project, such as that ccnceming this 
working group and volume. 


£hlloeophy 

A fundamented assunption of this chapter is that much of life can 
be construed as involving decisions (i.e. , the deliberate choice 
among alternatives, often with uncertadn information and conflicting 
goeds) . A corollary eissumption is that the basic cognitive (or 
intellectual) skills involved in decision making have wide 
importa n c e — if they can be understood and facilitated. 

These are hard issues to study. Htwever, even if they cannot be 
resolved in short order, system performance mi^t be improved simply 
by drawing attention to them. A task analysis of where such skills 
arise can increase sensitivity to them, grant legitimacy to 
operators' ocnplednts regarding problems that th^ are esperienoing, 
and encourage a folklore of design principles that mi^t serve as the 
basis far subsequent reseeuxh. 

The decision-making perspective described here is strongly 

cognitive, in part, because the decision theory frcm which it is 

drawn offers a widely applicable perspective and a well-defined set 

of concepts. As a result, there is a relatively hi^ chance of 

results rooted in this perspective being generally applicable. 

Moreover, there may be sene sene value to a general habit of 

characterizing decision-making situations as such. Within this 
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cxartext, there is still place to ask about issues such as the effects 
of stress, taisian, conflict, fatigue, or ^oe sickness on these 
hi^ier-order cognitive processes (W h ee l er and Janis, 1980) . 

This perspective sees people as active in shaping their 
environment and their decision problems. It could be corrtxasted with 
an operation research-type perspective in \Aiich people are reduced to 
system conponents and bdiavioral research is reduced to estimating 
gnmo performance peu^meters. Focusing on vhat people do, rather than 
on the discrepancy between their performance and some ideal, 
increases the chances of identifying interventions that will help 
them to use their minds more effectively. 
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NCOES 


Ihe diapters in this volume by Buchanan, Davis, Howell, Mitchell, and 
Newell provide other points of access to this literature. 

Ihe relationship between problem solving and decision making bears 
more discussion than is possible here, see Nationad Research Council, 
1986 for additionad information. 

In this particular case, there seems to be such generadi^, unless 
e?)erienoe provides the sort of feedback needed to acquire probability 
assessanent as a learned sJdll. 

Fischhoff (in press) is an attempt to provide to this 

literature, es^ressed in the c^itext of the judgmentad cctoponent of 
risk analyses for hazardous technologies. 

Furty and Fischhoff (1986) discuss related issues in a very different 


context. 
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Reviewing the presentations of Drs. Davis and Fisdihoff/ one would be 
hard pressed to find critical omissions in the slate of issues set forth 
regarding human participation in the space station's 
judgment/decisiotv'P«Jblem-solving requirements. Ihe problem facing the 
R&D team, like that facing the future operators of the system itself, is 
deciding vMch of the plethora of options to address first — and to vtot 
depth — in the absence of conplete knowledge. Agenda will have to be 
set, priorities established among research objectives (all of vhich seem 
worthy) , and decisions made on vhen understanding has reached a sufficient 
(cLLbeit far from ideal) level to move on to either development or the next 
agenda item. 


Ihe present discussion, therefore, will focus on some of these 
programmatic consideraticais. It would, of course, be presuirptious for 
anyone to prejudge the relative merit of research programs yet to be 
proposed for a moving target such as the evolving space station concept. 
Nonetheless, current knowledge is sufficient to begin the process so long 
as it is with the clear understanding that frequent stock-ta3cing and 
consequent recnrientation will vindoubtedly be required as research findings 
accumulate, design decisions are made, and the entire system takes shape. 
Research never proceeds in as orderly a fashion as we anticipate in our 
plans and proposals becavise Mother Nature doesn't read them. One never 
kncws vhen she will choose to reveeil some inportant secret tliat will 
divert the vhole process! 
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And finally, the discussion of priorities should in no way be 


construed as a call for seried research. The philosophy endorsed here is 
consistent with a theme that runs throu^ the entire syitposim; parallel 
research efforts must be carried out at various levels of specificity on a 
r^resentative saicple of the total problem space if the program is to 
evolve — and continue to develop — in the most efficacious manner. The 
pressure to focus too narrowly on the most well-defined or immediate 
problems is all too prevalent in undertakings of this magnitude having the 
level of public visibility that the space station enjoys. Many of the 
problems sure to arise "downstream” are in areas vhere the present 
knowledge base is at best primitive. Attenticai must be given now to 
expanding those knowledge bases if we are to avoid costly delays in 
development and/or costly design mistakes as the total system takes shape. 

Model Building 

Both presentations emphasize the importance of develc^ing a oonceptueil 
model or set of models of the ^ce station. Together, Davis and 
Fischhof f sketch out the essentied features of such modeling and the kinds 
of research questions that must be addressed in order to make it useful. 

I shall not repeat their observations, exc^ to note one point of 
contrast and to ®q)lain vhy I believe model building deserves a top 
priori^. 

First the contrast. Davis makes a distinction between aspects of the 

total system about vhich there is and is not sufficient information to 

construct models. Where it is deemed feasible, chiefly in the physical 
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dcmain, the tridc is to naloe the models — and the systems they 
represent — "resouroeful” and corprehaisible. Where it is not, the 
issue beoomas cjne of finding alternatives to modeling. Fischhoff, on the 
other hand, seems to have in mind a more ccnprdiensive kind of modeling 
€• fort: one that encatpasses a variety of domains and levels of 

urderstanding. Here the errphasis is on integrating vAiat we knew even 
incxaipletely, and providing a framework i^xan vhich to build new 
understanding. 

Whichever oonoept one prefers, and I lean toward the latter, the 
research issues are largely the same. Both cedi for e)q>loring new ways to 
capture and express prope]±ies of the system that will promote 
understanding across disciplines; both recognize that to do so requires a 
better gra^ of certain cognitive functions than we new have. There are, 
in Try view, at least four main reasons to enphasize a broad modeling 
effort (Meister, 1985) . 

First, the process of model building is the most eaq)editious way to 

organize our knowledge and ignorance, not only at the cutset, tut as the 

knowledge base grows and the ^stem evolves. Assuitptions, facts, 

parameter estimates, areas of uncertainty etc. can be clearly articulated; 

gaps that need to be filled, or estimates that need to be refined, can be 

identified. More than ai^thing, a conceptual model can ensure that even 

the most pragmatic reseeuxh has a better chance of contributing to the 

total effort. Taken literally, for example, the issues raised by Davis 

and Fischhoff cover virtually the entire domain of cognitive and social 

psychology. Wiere nature to take its course in these various research 
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areas (or even were NASA si^^port to accelerate the overall progress) , the 
rifVig of learning precisely vAiat needs to be known at critical junctures in 
the i^ce station's develcpnent are quite lew, I shedl have more to say 
on this point later. For present jwrposes, the argument is simply that 
model building is a useful technique for keeping the research efforts at 
all levels of generality properly focused. One can study confidence in 
jvidgement, or interpersonal tension, or hypothesis generation, or human 
problem solving tendencies, or vhat eaqjerts knew and do, or any of the 
other general issues identified by the presenters in ways that are more or 
less likely to generalize to the space station situation. I see no 
inherent reason vhy an eaperiment designed to advance fu n da m e n tal 
knowledge in one of these areas cannot be conducted in a space-station 
context as easily as in terms of weather forecasting, battle planning, 
livestock judging, or business management. A model is useful for 
specifying that context. 

A second reason that model building merits the hi<^iest priority lies 

in its contribution to the ultimate development of tasks and procedures. 

Ihe ways in v^ch this contribution would manifest itself are well 

described in the two presentations. In essence it boils down to making 

reasoned design decisicmis from a system-wide perspective rather than from 

some parochiad or purely traditioned point of view — be that an 

engineering, oonputer science, cognitive, biomedical, or even a humanistic 

perspective. It forces early attention to such criticed matters as 

developing a common language and frame of refeirence within vhich the 

various specialists can function interactively. If there is one unique 

requirement for the successful achievement of this project's goal, it is 
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that barriers to the exchange of information and intelligence among 
units — human-human, human-machine, machine-^chine — be minimized. 
Systems of the past have generally had to attack such barriers after the 
fact because of the initial dcndnance of one or another technical 
specialty. And th^ have done so vdth only limited success. Here the 
opportunity exists to "design in” features that can minimize barriers. 
Model develcpnent encourages this kind of thinking frcro the very 
outset — provided, of course, it is not entrusted to only one technical 
speciedtyl 

A third argument for the priority of model building is its obvious 

importance for training, and possibly even personnel selection. True, a 

model is not a simulation. Neverthelesss, simulation at some level of 

fidelity must ultimately be constructed jxist as it has been for training 

on all the earlier projects in the space program. To the extent that the 

model organizes vhat is kncMi and unkncwn at a particular stage, it 

permits develcpnent of simulations tht have a greater likelihood of 

providing tradning that will transfer positively to the cperationsd 

tasks. The kinds of uncertainties and unanticipated contingencies the 

human is apt to encounter in the space station are more lUcely to arise in 

a simulator based on a ccnprehensive modeling effort than they wculd be in 

a simulator designed to maximize purely technical fidelity. In the 

absence of a good conceptual model, the criterion of technical fidelity is 

almost certain to dominate. To use an extreme example, suppose the 

modeling effort identified a socied pheronenon \Aiose course of develcpnent 

extends over a period of months and vhose appearance dramaticcdly alters 

the way certain kinds of decisions are handled. Naturally, this wculd 
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argue for incxarporatirg a several month duration requirement into the 
simulation even if the technical skills could be mastered in weeks. 

Without this social-process knowledge, the enphasis would almost certainly 
be cai the face validi^ of the hardware and software ocmponents. In other 
words, catrprehensive model development would increase the likelihood that 
any simulation would capture salient adjects of the operational 
tasks — even some that cannot be coropletely anticipated and "programmed 
in." Similarly, it would provide a better sampling of the overall task 
domain and hence a more content-valid basis far setting personnel 
selection requirements. 

In citing the virtures of model development for simulation and 
training, we should never lose si^t of Fischhoff *s warning against the 
possibility of overenphasizing the known to the excliasion of the unknown. 
Training that develops in operators a dependence on routines for handling 
anticioatable contingencies can be counterproductive vhen truly novel ones 
arise. However, thoui^tful construction of a model can help chviate this 
problem by ensuring that the unknown is properly recognized. Hie real 
danger lies not in the attempt to build the most complete conceptual 
models we can, but in the temptation to build simulators that c^ierate only 
within the domains where our knowledge is most complete. 

Finally, model develcpmvent encourages — indeed forces — the kind of 

interaction amcaig specialists in the design phase that will have to occur 

among operational specialists if the program is to be a success. To mount 

a truly comprdiensive modeling effort will demand creation of a shared 

language and knowledge base; the exercise will serve, in essence, as a 
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case stixty in multidisciplinary coordination as well as the source of a 
design product. 


In a sense, 2dl the other proposed researdi directions are subsumed 
under the objective of model developnait (or at least are directly related 
to it) . As Davis points out, constructing an appropriately "robust” and 
"transparent” model requires judicious selection of viiidi properties to 
include 2uid ignore, and at viiat level of abstracti<mi. Hew well that can 
be done is heavily dependent on our understanding of human cognitive 
processes in relation to the physical properties of the system. And it is 
largely to this end that the research suggested by Davis, Fischhoff, and 
indeed this entire conference is directed. Nevertheless, one can 
distingui^ more narrowly defined issues, and some of these appear more 
promising or tractable at this point than others. Several that strike me 
as particularly deserving of a hi^ priority are establishment of 
institutional values, manual override and stanc 3 by capabilities, and 
transfer of tredning issues. 

Establishing Institutional Values 

Fischhoff expladns that a critical issue facing decision makers in the 
operational system will be that of representing the organization's values 
in dezding with non-routine situations. One cannot anticipate adl the 
circumstances that mi^t arise that would require human judgment, but it 
is pxjssible to define the value pjarameters along vhich those judgements 
would have to be made and the extent to vhich insitutional, crew, or 

individued vedue systems would take preoedexx». 
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Mc3st decisions Incorporate v^d.ue and es^)ectation considerations in one 


form or another (Huber, 1980; Keeney and R 2 dffa, 1976) . There are a lot 
of ways to help object!^ or improve the expectation element, but values 
are inherently subjective. This is vhy there are politiced. systems, 
judicial systems, wars, and advertising agencies, unless we can 
articulate the value system under vhich the decision maJcer is to 
operate — or at least the general process by vhich s/he is to assign 
values — s/he faces an impossible task. It is scmehhat akin to that 
facing the medical community in its edlocation of scarce and costly 
life-saving resources (such as organ transplants) to a much larger and 
multifaceted pcpulation of worthy recipients. Vhose interests taJce 
precedence, and hew are the value considerations to be wei^ied? 

This issue is not an easy one to address, in part because it gets to 
the heart of the most sensitive, centroversiaQ., and politically charged 
aspects of any important decision danain. We do not like to make 
eplicit the level of accptable risk in air safety, nuclear pewer, or 
military confrontation (e.g. hew many lives we are willing to sacrifice 
for some larger good) . However, there is seme implicit value system 
operating in any such decision, and research over the past decade has 
produced methodologies for helping to pin it dewn (Howard, 1975; Huber, 
1980; Keeney and Paiffa, 1976; Slovic et ed., 1980). Extension of these 
techniques, and perhaps development of others, to provide a ocanmon value 
framework for crews and individuals to carry with them into pace is 
essentied if decision--making is to be of acceptable quality. Indeed, 

without such a framework the oonept of decision quality has no meaning. 
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The options are to face the issue squarely and develop a value framework 
in advance, or to leave it intentionally vague and ad hoc, theireby 
offsetting \diatever progress is made toward inproving decision quality 
throui^ enhancement of esqjectation judgments. 

Understanding Override and Stand-by Capabilities 

Clearly an important set of research issues centers around the idea 
that human judgment represents the last line of defense against the 
unanticipated. The ultimate decision that some autcmated subsystem is 
malfunctioning, or that sane low probability or unclassifiable situation 
has arisen, and the skill to move quickly from a relatively passive to an 
active mode in response to it are critical elements of the human's role. 

Both presentations address override and standby skill issues albeit in 

sli^tly different ways. For Davis, they fall within the category of 

"making the best of the situation," or ^diat to do when we have no model. 

He speculates on alternative strategies, and suggests that we need to 

explore them, but is obviously more concerned with "making the best 

situation" — increasing the robustness and transparency of the system and 

its models. For Fischhoff, these issues ^itemize a central dilemma in 

the vAiole development process — the tradeoff between using everything we 

knew for aiding and contingency planning purposes, and preparing people to 

deal with the truly uri3cncwn. He argues that designing the system to 

maximze decision accuracy may not really be optimal vhen one considers 

the potential costs in human judgment facility. (Here, incidentally, is 
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cuiother Instance vdiere the problem of establishing a vinified veilue system 
becones criticeLL.) 

VIhat striJces me as particularly lurgent about research on these issues 
is that we knew jxast enoui^ to worry, but not enough to say hew they 
should be handled. For exanple we knew about overconfidence bias ard can 
easily imagine its ijtplications for crisis decision-^ma]cing, but we are far 
frem understanding all the task and individual-difference parameters that 
govern its seriousness (Hammond et al.,1980; Hcwell and Kerkar, 1982). 

And we knew even less about constructs such as creativity in either the 
individual or groip context. Were we able to identify and measure such 
individual traits, we mi^t inclxde these measures in a personnel 
selection battery. And understanding group processes might suggest ways 
to offset deviant individual tendencies. Unfortunately, our present 
kncwledge of groip decision making does not allcw us to predict with much 
certainty hew groi?) judgments will coitpare with individual ones (Huber, 
1980; Retiz, 1977; Howell and Dipbpye, 1986) . 

Similarly, it is fairly well established, as Fischhoff notes, that 

stand-by skills suffer from disuse as the human spends more and more time 

"outside the loop" in a monitoring capaci^. This is particularly true 

for cogrdtively complex and c^niamic systems. But how does one "stay on 

top of things" vhen active involvement becomes increasingly rare as more 

and more reliance is placed on automating decision functions? Is 

something as elaborate (and costly) as a totally redundant manual back-vp 

ever justified siaply for the purpose of maintaining stand-by 

capabilities? And even if that were done, would the human be able to 
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maintain a sericxis involvement knowing the status of his or her role? One 
need only take a look at NQRAD operators doing their ''canned” training 
exercises to appreciate the significance of this pointl Would some other 
form of involvement do as well? For What decision tasks should scanne form 
of involvement be maintained? To answer questions such as these, more 
will need to be learned about stand-by capabilities in critical tasks of 
the sort that are likely to be automated or aided in the space station. 
Fischhoff 's presentaticai does an eia^ellent job of identifying the ki^ 
questions. 

Issues concerning the override function should be addressed early in 
the develc^anent process at a fairly basic level since more general 
knowledge is needed before it will be possible to articulate the most 
critical applied research questions. Stand-ty skill maintenance, cai the 
other hand, seems more appropriately addressed at an applied research 
level after it becomes clear vhat sorts of functions the human would be 
asked to back vp. 


Training for the Khcwn and the Unknown 

Issues of training and transfer are closely related to those of 

standby skill; in fact, the latter are really a subset of the former. The 

purpose of training is to establish habitual ways of thinking and acting 

in certain situations that are likely to iitprove individual or team 

performance vhenever those situations arise. So Icaig as one has at least 

some idea of vhat kinds of situations might develop, there is reason to 

hope that the ri^t habits mi^t be cultivated. But if one guesses wrong, 
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or the situation domain changes, or the habits that work well for the 
known situations turn out to be countetproductive for the unknown ones, 
obvious transfer problems arise. Since the unanticipated is ty definition 
inaccessible for simulation or contingency planning, those charged with 
training developnent face the dilemma edluded to earlier. Too heavy an 
emphasis on the known or suspected task elements could develop habits that 
prove disastrous vhen something totcilly novel comes along. On the other 
hand, training that emphasizes the flexibility of response necessary to 
deal with novel situations could undermine the potentied. advantages of 
habitual behavior. 

Mvances have been made toward addressing this dilemma in recent 
research on fault diagnosis and problem solving (particularly in 
connection with complex process control systems, e.g. Moray, 1981; 
Rasmussen and Rouse, 1981) . Still, as Fischhoff notes, there are a lot of 
fundamentad questions that remain to be investigated before we can even 
begin to conceptualize how training cu^t to be structured in a systems as 
advanced as the space station. Once again, we have here a set of pressing 
issues on vhich some headway has alreac^ been made and research directions 
have been identified. For these reasons, I believe it merits a hi^i 
priority in the overzdl research scheme. 

To this point, my ocmments have focused eiailusively on priority 

setting within the domain of research issues raised by the two 

presenters. To summarize, I believe the modeling effort ^culd be an 

initial and continuing emphasis — a framework within vhich many parallel 

streams of research activity can proceed coherently and purposefully. Of 
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those more neurrwly defined issues, I cxansider the matter of establishing 
institutional vsilues or value assessment techniques as primary, follc^«Aed 
closely by the need to clarify the override function, to find ways to 
maintain intellectual standby skills (or define an optimal level of 
awtamation) , and to train operators to deal with changing and 
unanticipatable circumstances. 

Ihere cure two other progr am matic issues that I would like to ccanment 
on briefly that were not an ei 5 >licit part of either paper: individual 

differences, and the age-old basic vs. applied research controversy. 

On Individual Differences 

Both presentations suggest quite correctly that cur designs must be 

geared to typical behavior — of people in general, or potential 

operators, or "esq^erts”. Ihe assuirption is that there are coramonaLLities 

in the way people approach particular decision prdbleais, and our research 

should be directed toward xmderstanding them. I agree. But I contend 

there is another perspective that has been ed.1 but ignored by decision 

theorists that mi^t also contribute to the effectiveness of future 

decision systems. On virtually any standard laboratory problem, subjects 

will differ dramatically in both the quality of their performance and the 

way they approach it. Tnae, the majority — often the overvhelming 

majority — will display a particular bias, heuristic, or preference on 

cue. But even in the most robust demonstrations of conservatism, or 

overconfidence, or representativeness, or non-transitivity there will be 

some subjects vho don't fcill into the conceptual trap. What we don't 
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knew, in any broader sense, is v^ther these abberations represent stable 
trait differences, and if so, vhat their structure mi^t be and hew th^ 
ini(^t be measured. There has been some work on risk aversion (Atkinson, 
1983 ; lepes, in press) , information-processing tendencies (Schroder et 
al., 1967), and decision-making "s^les" (Ifcwell and Di|ixiye, 1986), but 
very little conpared to the vast literatures on typicad behavior. 

I suspect, though I can't really prove it, that individuals differ 
consistently in their inclination to attend to, process, and integrate new 
information into their current judgments. Were this the case, it mic^t be 
useful to have seme means of indexing such tendencies. Speaking more 
generally, I believe research aimed at exploring the consistent 
differences in the way people approach decision problem is just as valid 
as — thouc^i considerably more cumbersome than — that concerned with 
similarities. It should be encouraged. 

On basic and applied research strategies 

At various places in the foregoing discussion I have suggested that 
cei±ain issues mi^t be attacked at a more basic or more applied level 
given the state of our current knowledge and the demands of the design 
problem in that area. I ^ould like to conclude my discussion with some 
elaboration on this general strategic issue. 

If there is one limitation on cur understanding of judgment/decision 

processes, in ny opinion, it is that of context ^jecificity. Work on 

judgmental heuristics, diagnosis and cpinion revision, choice anomalies, 
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group decision making, individual differences in judgnvent or decision, 
etc. each has developed using its cmi collection of preferred research 
tasks, strategies, and literatures (Hammond et al,, 1980; Schroder et al., 
1967) . Consequently, it is not always possible to jvidge hew far a 
particular principle will gener 2 dize or vhether some human tendency is 
likely to pose a serious threat to performance in a particular system. 

Nevertheless, as the two presentations have clearly demonstrated, 
these basic literatures provide a rich scurce of hypotheses and leads for 
consideration in an evolving program such as the space station. The 
judgment^d heviristics and resulting biases cited by Fischhoff , for 
exairple, are indeed rchust phencanena, principles to be reckoned with in 
shaping the space station environment. Hewever, de^ite their ubiquity, 
such modes of cognition are more preminent in some contexts and under some 
conditions than others — a point emphasized by Hammond in his "cognitive 
continuum theory" (Schum, 1985) ; and the sericusness of the consequent 
"biases" depends to scone extent on one's definition of optimedity 
(Hammond, 1981; HOgarth, 1981; Schroder et al., 1967; Riillips, 1984, Von 
Winterfeldt and Edwairds, 1986) . 

Consider the overconfidence bias. One iirplication of this well 

established cognitive ^enomenon is that decision maJeers would be likely 

to act in haste and believe unduly in the correctness of their action, a 

clearly tysfuncticml tendency. Or is it? A cesnmon conplaint in the 

literature on organizational management is that managers are all too often 

reluctant to act vhen they should (Peters and Waterman, 1982) . Perhaps 

overconfidence may serve to offset an equally tysfunction 2 d bias teward 
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inaction in this setting. Simileirly, decisions must often be made i:inder 
considerable unoertedn^, and this will clearly be no less true of space 
station than of business or military decisions. Hcwever, once a decision 
is made, albeit on the basis of vAiat objectively is only a 51% chance of 
success, is there not a certain practical utility in actually believino 
the nHrig are better than that? If, as often happens, the decision is not 
ecisily reversed, vAiat is to be gained by second-guessing or •'waffling”, 
and is there not a potentied. for benefit throu^ the inspiration of 
confidence in others? In soonae caises that alone ceoi increcise the "true" 
oddsl The point is, overconfidence, like other human cognitive 
tendencies, may have functional as well eis dysfunctioncQ. inplications vdien 
viewed in a particular context (Hconmond, 1981) ; and even then, its 
magnitude may be peurtly a function of that context. Ihus the more clearly 
we can envision the context, the more likely we will be to generate the 
ri^t resecuxh questions, and vAiat that research adds to our bcusic 
understcuiding of overconfidence or other suoh phenomena will be no less 
vadid than that done in other contexts. All judgment and decision 
research is done in some context; generalization accrues via convergence 
of evidence over a variety of contexts. 

basic point is this. Ihe space station offers a very legitimate — 
indeed, eui unusually rich — real-world context within vhich to explore a 
variety of "basic" and "applied" research questions concurrently. 

Properly coordinated, the combined effort holds considerable promise for 
advancing our understanding of fundamentcil judgment/decision processes in 
part because of the shared context. Three considerations would, I 
believe, promote such coordination. 
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First, as noted earlier, some effort should be made to enocwrage basic 
researchers to consider sedient features of the space station situation in 
the design of their laboratory tasks and ej^jeriments. While it could be 
argued that putting any constraint at all on such work violates the ^irit 
of "basic research," I believe scrae ocartcessions can be made in the 
interest of increasing the external validity of findings without 
coirpramising the seeuxh for basic knowledge. Secondly, reseeurh of a 
strictly applied nature, addressing specific judgment/decision issues that 
must be euiswered in the course of modeling, simulation, emd intimately 
design efforts, should proceed in pcuallel with the more beisic endeavors. 
In scene cases, the question mi^t involve choice of a parameter value; in 
others, identification of hew subjects approach a simulated space-station 
task. Necessarily, such research would be less programatic, more 
responsive to immediate needs, and more narrewly focused than the 
fundamental work. 

Finedly, and most inportantly, NASA must do everything possible to 
ensure that the basic and applied efforts are mutually interactive. As 
hypotheses and generalizations are identified at the basic level th^ 
should be placed on the agenda of the applied program for test or 
refinement; as features are built into the evolving system concert:, they 
should beocme sedient considerations for the basic research effort; as 
questions of a fundamental nature arise in the ccurse of the applied work, 
th^ should be incorporated into the basic research agenda. 
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Hiis all sounds quite obvious and "old hat." Certainly it is the way 
DcD research programs, for example, are sipposed to work (Meister, 1985) . 

I si±mit, however, that no matter how trite the notion may seem, having 
closely coupled research efforts at basic and applied levels must be more 
t*an just an a^iration if the judgment/decision challenges of the space 
station project are to be met successfully. It must be planned and built 
into the very fabric of the program. The fact that the space station must 
develop by its own research bootstraps, as it were, permits little 
slippage and wasted effort. Yet the state of our knowledge does not 
permit neglect of either basic or applied research domains. 

Ihere are, of course, a number of ways this coordination of basic and 
epplied work mi^t be aohieved ranging from centralized administrative 
control to large-scale projects that are targeted to particular sets of 
issues and enoonpass both basic and applied endeavors under one roof. I 
am not prepared to recommend a strategy. Rather, I suggest only that the 
issue is an inportant one, and one that deserves special attention at the 
very outset. Hew it is managed could spell the difference between 
enli^tened and unenli^tened evolution of the vhole system regairdless of 
hew much resource is allocated to judgment/decision research. 
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CXMEUTER AIDED MaNITORING & DEX3SIC»I MMONC3 


SYNOPSIS OF GENERAL AUDIENCE DISCUSSICH 

Most of the points raised during the Session 4 and general discussion 
centered around two somevdiat related issues: 

1. the gap between behavioral (heuristic) and traditional (rule based) 
approaches to decision making, and 

2. hw to deal with shortccariiiigs in one or the other that detract frcm 
system performance. 


Ihe Gap Issue 

The obserrvation was made that theia seem to be two ways of thinking 
about decisiOTi problems, each with its own philosophy and research agenda, 
that are proceeding more or less ind^)endently. To some ectent, it was 
pointed out, the two papers in the session hi^ili^t the differences 
between the two approaches. The question was vhether, and if so how, they 
should be integrated or linked more closely. 

Two conflicting views were offered. One was that since the 

differences are deeply rooted in their respective traditions and cultures, 

the barriers will not be broken dcwn easily, and the anticipated payoff 

for NASA would probably not jvistify the time and cost necessary to bring 

about an integration. A number of other issues i^ould take precedence 

over this one. The opposing view was that the two approaches should be 
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bet±er ir±egrated, probably can be if NASA puts the issue on its research 
agenda, and in fact is being attenpted in a small way thrcu^ research 
currently in progress in Fischhoff 's lab. 

Among the suggestions for an integrative approach were the vbole 
domain of fuzzy logic and the bounded rationality concept (e.g. defining 
general goals and then "fiddling with the model at the margin as in 
•satisficing"') . It was pointed out, however, that in the context of 
e}^)ert systems such approaches reduce to writing a lot of conditional 
rules over a large nuitber of state variables. Ihus one cannot summarize 
easily what the system will do over the full range of decision problems. 

^plications. Or Dealing With Shortcomings 

Several options were suggested for minimizing the effect of 
subcptimalities in human judgment. Training, vhile not universally 
effective in overcoming biases, has produced some iKitable successes (e.g. 
weather forecasters) . Ihe key may well lie in the proper design of 
training programs (something that merits a continuing research effort) . 
Increasing the trainee's sophistication in statistical concepts, however, 
is clearly of little help. 

Aiding in its various forms and with its inventory of existing models 

has its place but also has limitations. Multiattribute utility theory, 

decision aneilysis, etc. are useful for solving well defined problems, but 

''bring no knowledge to the party." Often their logic is not transparent 

to the user and critical factors may be omitted. Thus their output may 
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not be satisfactory in either an absolute sense or as perceived by the 
user. When it conflicts with human intuition there is a problem, 
particularly if the human doesn't understand the logic. User acceptance 
of even improved decisions becomes problematic. 

One approach to dealing with these deficiencies in the aiding models 
was advocated by Davis: find out vhat is missing and build it in. 

Intuition and creative thinking are not magic, but rather, "undiscovered 
rationality." Research should try to ej^xose that rationality (or 
reasoning) and apply it in creating more robust models, as well as more 
transparent ones. To the extent that the research succeeds, it ^culd be 
incorporated into training as well as edding applications, and the result 
could be better decisions and greater acceptance of those decisions by 
users (%ho would new be more likely to appreciate the logic) . 
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INTRODUCTION 


The Need and the Dilemma 


mn fW wstrOT'c 

® jJMnHWW 


One of the draitatic challenges posed by space is versatile inspection 
and manipulation remotely operated by man. Some people within and outside 
NASA would like to automate eveirything but cannot - beca\ase so many tasks 
are unpredictable and therefore not doable by special-purpose or 
pr^rogrammable machines, or are one-of— a-kind such that dedicated 
automatic devices to do them too costly in wei^t cind dollars. So 
human perc^ion, planning and control are required. But to place man 
physically there is constrained by hazeurd and hi^ cost of life support. 
Remote in^jection and meinipulation by man, on the other hand, poses 
serious problems of her getting sufficient sensory information eind 
controlling with sufficient dexterity. 


Artificial sensing, intelligence and control can help. Unfortunately 
we have hardly begun to understand how to integrate human and artificial 
brands of sensing, cognition and actuation. One thing is clear, however: 
to ceist the problem in terms of humans versus robots is simplistic, 
unproductive and self-defeating. We should be concerned with how they can 
cooperate . 
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Definitions 


Teleoperation is extensicsi of a person's sensing and manipulating 
capability to a location remote from him. A teleoperator includes at the 
irdnimum artificial sensors, arms and hands, a vehicle for carrying these, 
and ccmraunication channels to and from the himan operator. 

Telepresence is the ideal of sensing sufficient information about the 
teleoperator and task, and communicating this to the human operator in a 
sufficiently natured way that she feels herself to be physicedly present 
at the remote site. A more restrictive definition requires, in addition, 
that the teleoperator's dexterity match that of the bare-handed human 
operator. 

Robotics is the science and art of performing, by means of an 
automatic apparatus or device, functions ordinarily ascribed to human 
beings, or operating with vdiat appears to be almost human intelligence 
(adapted from Webster's 3rd Inti. Dictionary) . 

Telercbotics is a form of teleoperation in vMoh a human operator acts 

as a si^tervisor, communicating to a conpiter information about task goals, 

constraints, plans, contingencies, assuirptions, suggestions and orders, 

getting back information about acconplishments, difficulties, concerns, 

and, as requested, raw sensory data - vMle the subordinate teleoperator 

executes the task based on information received from the human operator 

plus its own artificial sensing and intelligence. Aoconpanying the human 

supervisor is a ccurputer vAiioh can communicate, integrate, assess, 
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predict, and advise in human-friendly terms; at the site of the telerobot 
is a ccmputer viiidi can ooraraunicate with the human-interactive ocmpiter 
and effect control using the artificial sensors and effectors in the most 
efficient way. One human-ocamputer command station can si:?5ervise many 
telercbots. 


Supervisorv control in the present contact is mostly synonymous with 
telerdbotics, referring to the analogy of a human si^iervisor directing and 
monitoring the activities of a human subordinate. Si^iervisory cxxxtrol 
does not necessitate that the subordinate person or machine be remote. 

Early History 

Prior to 1945 there were carude telec^perators for earth moving, 

construction and related tasks. About that time the first modem 

master-slave telepperators were developed by Goertz at Argonne National 

Labs. These were mechanical pantograph mechanisms by vhich radicjactive 

materials in a "hot call” could be manipulated by an operator outside the 

call. Electrical and hydraulic servcmechanisms soon r^lacad the direct 

mechanical tape and cable linkages (Gcartz, 1954) , and closed circuit 

television was introducad, so that new the operator could be an arbitrary 

distance away. Soon telemanipulators were being attached to submarines by 

the Navy and used commercially by offshore oil extraction and cable-laying 

firms to replace human divers, especially as operations got deeper. By 

the mid 50 's technological develcpnents in "telepreserKse” (they didn’t 

call it that at the time) were being demonstrated (Modier, 1964; Johnsen 

and Corliss, 1967; Heer, 1973). Amoig these were; force reflection 
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simultaneously in all six degrees of freedcm; hands with multi- jointed 
fingers; coordinated two-arm teleoperators; and head-^mcunted dii^lays 
vMch drove the remote camera position and thereby produced remarlcable 
visual telepresence. 

By 1965 esq^eriments in academic research laboratories had cduneac^ 
revealed the problems of telemanipulation and vehicle control thrcu^ time 
delay (Ferrell, 1965) , and the early limar telecperator Surveyor 
demonstrated the problems vividly in an actual space mission. Touch 
sensing and display research was alrean^ underway (Strickler, 1966) thcu^ 
there was little interest in teletcuch at that time. Soon thereafter 
stpervisory control was shewn to offer a way arcund the time delay 
problem, and edso to have advantages even without time delay in the 
ccanmunication channel, vhere, in order to avoid collision or dropping 
grasped objects, qiiiciker teleoperator reaction time was needed than the 
distant human operator could provide (Ferrell and Sheridan, 1967) . 


Thou^ the NASA nuclear rockett project meunted a major effort in 

telecperator development in the 1960 's, after that program was cancelled 

and throughout the 1970 's there was little sipport for space teleoperation 

or telerobotics. ^ 1970, however, industrial robotics was coming into 

full swing, for Uhimation, GE and a handful of other American, Japanese 

and Scandanavian manufacturers had begun using relatively simple 

assembly-line rcbots, mostly for spot welding and paint spraying. By 1980 

industrial robots had beccroe graced by wrist force sensing and primitive 
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ccamputer vision, and pu^-tutton "teach pendant" control boxes were being 
vised for relatively siinple programming frcm the shcp floor. 

Overview of CXmnent Status 

To outward e^pearances six-degree-of-freedcm, force-reflecting, 
serial-link electrical or hydraulic master-slave manipulators have changed 
little in forty years. There are a few new and premising mechaniceil 
configurations of arms and multi-fingered hands in laboratories, but as 
yet they are vmproven in practical application. Video, driven by a 
demanding marketplace, is new of hi^ quality and miniaturized, and 
digitization and simple recognition processing of video Images is fast and 
inesqjensive. We have a variety of touch (surface contact and pressure 
array) sensors avcdlable in the laboratory, but as yet little 
understanding of how to use these sensors. In telecperation depth 
perception renimns a serious problem, but there is premising research on 
several fronts. Vie still have not achieved fine, dextercus 
telemanipulaticn with hi^ fideli^ feedback as irplied by the term 
"telepresence” . 


As yet there is no satisfactory control theory of manipulation as an 

integrated sensory-motor control activity, but new theories have been 

developed for manipulation task-analysis from an AI perspective, for 

kinematic--d^namic control of conplex linkages, and for foroe-dii^laoement 

hand-environmant impedance. We still think of controlling manipulator 

arms and the vehicles vhich carry them as separate activities; we haven't 

learned to cembine the two (thou^ infants do it with ease) . We have 
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demcnstrated sixople tiuinan-supervised, cxxpiter-edded teleoperation in a 
nunfa er of ways, but OUT understanding of human-^xxnputer cx>cperatlon is 
very primitive, hardly cxamnensurate with the label "telerobot" we employ 
with such abandon. 


SPECIFIC AREAS IN NEHCH NB7 RESEARCH IS NEEDED 

Research needs are discussed in four categories: (1) telesensing, 

(2) teleactuatlng, (3) ocnaputer^-aiding in supervisory control, and (4) 
meta-anedysis of humaiVocnputer/teleoperator/tai^ interaction. Some 
recent and curr^it research is cited. 


Telesensing 

colleague. Dr. Stark, vho is an MD and more sense-able than I, will 
deal more extensively with this category, particularly with vision, the 
most important human sense, and with the needs and possibilities in 
virtual di^lays and controls, depth perception, and other significant 
needs in teleoperator research. 

I would like to oonmait about resolved force, touch, Icinesthesls, 

proprioo^ition, and proximity - five critical teleoperator sensing needs 

vhich oust be recognized as being different fixm one another. These five, 

together with vision, are essenti 2 d to achieve the ideed of 

''telepresense''. For each it is important to imiderstand hew the human 

normedly functions, and then to understand hew the appropriate signals can 

be measured by artificial transducers and then di^layed to the human 
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operator an3i/GV used ty artificied intelligence in a way helpful to the 
hunan operator. 


Resolved force sensing is vftiat the humein bocty's joint, muscle and 
tendon receptors do to determine the net force and torque acting on the 
hand, i.e. , the vector resultant of all the ccmponent forces and torques 
operating on the environment. In force reflecting master-slave systems 
this is measured either by; (1) strain gage bridges in the wrist 
(so-cedled wrist-force sensors) ; (2) position sensors in both master and 

slave, vAiich, when occpared. Indicate the relative deflection in six DOF 
(vMch in the static case corresponds to force) ; (3) electrical motor 

current or hydraulic actuator pressure differentials. Di^lay of feedbacQc 
to the operator can be strai^tforward in principal; in force-reflecting 
master-slave systems the measured force signals drive motors on the master 
arm vtiich push back on the hand of the operator with the same forces and 
torques with Which the slave pushes on the environment. Ihis mi^t work 
perfectly in an ideed world viiere such slave-back-to-^master force servoing 
is perfect, and the master and slave arms impose no mass, complia n ce, 
viscosi-ty or static friction characteristics of their own. Unhappily, not 
only does reality not conform to this dream; it can also be said that we 
hardly xaiderstand vhat are the deletericws effects of these mechanical 
properties in masking the sensory information that is sought by the 
operator in performing telemanipulation, or hew to minimize these 
effects. At least, thanks to cemputer coordinate transformation, it has 
been shewn that master and slave need not have the same kinematics (Oorker 
and Bejezy, 1985) . Force reflection can also be exiled to a rate-control 

joystick (Lynch, 1972) but it is less clear vhat the advantages are. 
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Is the term xised sloppily to refer to various forms of force 
sensing, but more precisely to refer to differential pressure sense of the 
skin, l.e., the ability of the skin to detect force patterns, with respect 
f:: displacement both tangentled and nontal to the skin surface, and to 
time. The skin Is a poor sensor of absolute magnitude of force nonral to 
the surface and It adapts quickly. There are new a few instruments for 
artificial teletouch; most of these have much coarser spatial resolution 
than the skin, thou^ a few of the newer ones utilizing optics have the 
potentlad. for hl^ resolution (Harmon, 1982; Schnelter and Sheridan, 

1984) . A major research problem for teletouch Is how artificially sensed 
pressure patterns should be displayed to the human operator. One would 
IDce to display such Information to the skin on the same hand that Is 
operating the joystick or master arm vhlch guides the remote manipulator. 
This has not been achieved successfully, and most success has been with 
dl^laying remote teuctlle information to the eyes using a conputer-graphlc 
dl^lay, or to skin at some other location. 

Kinesthesls and proprioception are terms often used together, at least 

in part because the same receptors in the human bock's muscles and tendons 

mediate berth. Kinestliesls literally Is the sense of motion and 

proprioception Is awareness of vhere in space one's limbs are. 

Telekinesthesls and teleproprioception are particularly critical because, 

as telemanipulation experience has shewn. It Is very ea^ for the operator 

to lose track of the relative position and orientation of the remote arms 

and hands and how fast they are moving in vhat direction. This Is 

particularly aggravated by his having to observe the remote manipulation 
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throu^ videa without peripheral vision or very good depth perception, or 
by not having master-slave position correspcndenoe, i.e. , vhen a joystick 
is used. Potential remedies are: multiple views; wide field of view from 

a vantage point vdiioh includes the arm base; and oarrputer-generated images 
of various kinds (the latter will be discussed further below) . Providing 
better sense of depth is oriticad to telemanipulation in space. 

Proximity sensing is not sanething humans normally do except by 
vision, but cats do it by vhiskers or olfaction (smell) , and bats and 
blind persons do it by sound cues or vibrations felt on the face. Sonar, 
of course, will not work in ^)ace. Electromagnetic and optical systems 
can be used for measuring proximity (close-in ranging) to avoid obstacles 
or decide v^ien to slew down in approaching an object to be manipulated 
(Bejezy et al.980) . Such auxiliary information can be di^layed to the 
eyes by means of a ccsrputer-graphic display, or, if the eyes are 
considered overloaded, by sound patterns, especiedly conputer-generated 
speech. Vie need to understand hew best to use such information in space. 

TFT PAfrTTmTTMW 

It was stated in the previous secticxi that we knew relatively little 

about oertedn types of remote sensing, i.e., both artificial sensing and 

di^lay to the human operator controlling the telecperator (this in ^ite 

of knowing a great deal about human sensing per se) . Pemote actuaticn (in 

vhich terms we include control in the oonventicml sense) poses an even 

larger problem, since it cenbines motor actuation with sensing and 

decision-making, and it can be said we knew even less about this, except 
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fear the practical kncwledge we have from operating the kinds of 
teleoperators that have been around for a number of years, mostly in 
nuclear hc 7 t-laboratorles and for vmdersea oil operations. Again, comments 
are offered in a number of specific categories vdiere scatie research is 
ongoing but much more needs to be done. Ihe control problems in this 
category, vhere ccarputer interaction se is not the principal issue, 
apply to both direct and stpervisory control. 

MUTti-dearee-of-freedoro end-effectors seem a most obviais need, as 
evidenced by our own human hands, but the sad fact is that these have not 
been developed beyend a few laboratory proto^'pes. Commercial 
manipulators tend to have sinple parallel-jaw grippers, and a few have 
claws, magnetic or air-suction gripping mechanisms, or special purpose 
attachment devices for welding, pednt spraying or other special-purpose 
tools. Ihcui^ parallel-jaw gripping seems the most ctovious function for a 
one DOF end-effector, it is not yet clear vhat a second DOF mi<^t be for, 
or a third, etc. MUlti-fingered devices such as those hy Salisbury (1986) 
or Jacobson (1987) will help ^]s answer these questions. At the moment 
fear of losing objects in space seems to militate against general purpose 
grippers; that could change in the future. Modern oottputer-graphic 
workstations begin to offer the hope of stuefying problems like these by 
computer simulation without having to tuild eipensive hardware for every 
configuration and geometric relationship to be tested. 

Two-arm interacticai is a necessity for much human manipulation (it has 

become standard for nuclear hot-lab manipulators) , but we rarely see it in 

industrial or undersea teleoperators. Part of this problem is to get the 
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most out a given number of degrees-of-ft:eec3cm. For exaitple, instead of 
having a single six-axis arm operating on one bo^ relative to a second 
(or base) , one mi^t acocnpli^ the same by having a three DOF 
"grabber arm" position the bocfy so that a second, say, three DOF arm can 
work in coordinated fashion to perform some assembly task. Industrie^ 
robot esq)erience shows that two three DOF arms are likely to be simpler 
and cheaper that one six-DOF arm. Ihis has not been implemented in space 
applications; the problem needs research. 

Redundant DOF Hand-arm-vdiicle coordination is a serious prcblem, and 
actually a need for any kinematic linkage of more than six DOF \ihich must 
be controlled in a coordinated way. Ihis is largely an unsolved 
theoreticed. problem, at least in part because the nunber of configurations 
vhich satisfy given end-point positiojv'orientation constraints is 
infinite. One tries to select frean among these solutions to minimize 
energy or time or to avoid oertadn absolute positions of the joints, or to 
prevent singularities, etc. , but the mathematics is formidible. One arm 
of three and one of four DOF ma}ce for such redundancy, but perhaps even 
more important, so does a vehicle thrusting in six DOF with an attached 
arm of even one DOF. We humans coordinate movements of cur cwn legs, 
arms, and bodies (many redundant DOF) without difficult, but just how we 
do it is still a relatively well-k^ secret of nature. 

Muit-i -pe rson cocoerative control is one way to control a cosplex 

multi-DOF teleoperator - vhere each of several operators is responsible 

for maneuvering a single arm or vehicle in relation to others. Is this 

best or is it better to have a single operator control all DOF of both 
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vehicle and am? really don't knew. Results from siirple tracking 
eagierimerTts suggest that control of multiple Independent tasks Is very 
difficult for one person. Vlhen the degrees of freedom of a task are 
closely coupled and/or must be coordinated to achieve the task objectives, 
that can be relatively easy provided proper control means are provided - 
but xp to hew many DOF? It Is surprising hew little research is available 
In this area. 

Adjustable iTtmed anna o-p master and/or slave Is a promising way of 
ma]dng a master-slave teleoperator more versatile than If the 
ocnpliance-vlsooell^-inertanoe parameters remained fixed (Raju, 1986) . A 
carpenter may carry and use within one task several different hammers, and 
a golfer many clubs, because each provides an Inpedance characteristic 
appropriate for particular tasks \)hlch are expected. Carrying many 
telecperators into space may be avoided by making the inpedance between 
slave and task and/coc between human and master be adjustable. We have 
hardly begun to understand this problem, and have much to learn. 

Interchangeable end-effector tools Is another way to aoccnpllsh 
versatility, and of course Is precisely vhat carpenters, surgeons or other 
crafts m en use. Future space teleoperators may have a great variety of 
specled. tools for both modifying and measuring the environmmit. It Is not 
clear hew to make the trade between special and general purpose 
end-effectors . 

Task-resolved roanlixtlation means performing standard or preprogrammed 

operations (e.g., cleaning, inspecting, indexing a tool) relative to the 
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surface of anr environinental object (Yoerger, 1986) . Hiis means sensing 
that surface in the process of manipulating and continually performing 
coordinate transformations to \:$xiate the axes with respect to vMch the 
operations are being done. This is an extension of end-point resolution - 
eisility to ocamnand the finger to move in a desired trajectory without 
having to worry about how to move all the joints in between. 

Force-fegrfhacTc with time delay has been shewn both theoreticedly and 
experimentally not to work if the force is fed back continuously to the 
same hand as is operating the control, for the delayed feedback siiiply 
forces an instability on the process v^ch the operator itii^it otherwise 
avoid by a move-and-wait strategy or by supervisory control (Ferrell, 

1966) . Yet it seems that forces suddenly encountered or greater than a 
preset magnitude mi^t be fed back to that hand for a brief period, 
provided the forward gain were reduced or cut off during that same brief 
period, and the master then repositioned to vdiere it was at the start of 
the event with no force-feedback. 

Oonputer-edding in Supervisory Control 

Oenputers may be used for relatively "Icw^level'' cenputations in mary 
of the telesensing/display and teleactuation modes described above. Ihere 
are a number of other teleoperation research problems in vbich the 
human-cenputer interac±ion is the Important part. These include oenputer 
simulation, coomputer-based planning/decision-aiding, and conputer-aided 
oaoratand/ooranajnicatiorVcontrol in various mixes. All of these are part of 

supervisory control by a human operator of a telerobot. 
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telecperation for research, engineering or tiaining has barely begun to be 
viable. Ihis is because of the ccnjplexity of simulating and di^laying 
the vehicle plus the arm and hand plus the manipulated object plus the 
environnent, having all degrees of freedom operate, with removal of hidden 
lines, and so on. Even nominally hi^-quality ocnputer-grc^ihics maohines 
have trouble with generatiai of such complex displays in read time. We 
can come close today, but since computer power is the one thing that is 
bound to improve dramatically over the course of the oomdng few years, we 
mi^t pay attention to the many possibilities tar using computers as a 
substitute for building expensive hardware to perform man-rniachine 
experiments arxi evaluate new design canfigurations. Iheire are serious 
problems to simulate the full dynamics of multi EX>F arms and hands. Ihere 
are problems to be solved to make simulated teleoperators gra^ and 
manipulate simulated objects. There are many problems to get hi^ gioality 
pictures (in terms of resolution, frame rate, gray-scale, color, etc.) 
Telepresence is an ideal in simulators just as it is in actuality. In 
fact, to enable the human operator to feel he is "there” when "there" 
exists ncvhere other than in the computer poses a particularly interesting 
challenge. 


c>n-T.^ne in-situ pla 


a-imniateora mi^t be used "in the heat of 


battle" to try out maneuvers just before they are oomimitted for real 

action (and real expenditure of precious resources in space) . m this 

case commands would be sent to the computer-based model of the vehicle 

and/or manipulator and these would be observed by the operator 
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prospectively, i.e., before further ccaranands are given (as ocropared to the 
retrospective state estiitation case to be described belcw) . commands 
(supervisory or direct) vrauld be given to the simulation m ode l but not to 
the actual process, the model results would be observed, and the process 
could be repeated umtil the operator is satisfied that he knows v^t 
ccmmands are best to commit to the actual process. There are 
possibilities for having the simulator ”trac±" the movement of the actual 
process so that any cjn-line tests could start frcm autcanatically updated 
initial oonditians. The problem of vhat to control manually and v^t to 
have the ccnputer execute by following supervisory instruction is 
something that cannot be solved in general but probably must be decided in 
each new context; the on-line planning simulator mi^t be a way to make 
this happen. 

On-line simulation for time-delav compensation is appropriate only to 

direct control, and is not necessary for supervisory control. Here the 

ccsnmands are sent to the model and the actueuL system at the same time. 

The model's prediction (e.g. , in the form of a stick figure arm or 

v^iicle) can be superposed on top of the actuad. video picture delayed in 

its return from space. The operator can observe the results from the 

model immediately (before the time delay runs its course) , thereby be much 

more confident in his move before stopping for feedback, and thus save 

several "move-and-wait" cycles. These techniques have been demonstrated 

for models of the manipulator arm (Ncyes and Sheridan, 1984) , but not yet 

for the manipulator arm and controlled vehicle in ocmbination. When the 

motion of vehicles or other objects not under the cperator's control can 

be predicted, e.g. , by the operator indicating on each or several 
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successive fiemes vdiere certain reference points are, these objects can be 
to the predictor di^lay. With ary of these planning/prediction 
adds, the di^lay can be presented from ary point of view relative to the 
manipulator/vehicle - a feat vdiich is not possible with the actual video 
camera. 


TtMMmirCTient/estination/dis^^ has potential vhere all 

information about vAiat is going on "ri^t new" is not available in 

convenient form, or vAiere meeisurements are subject to bias or noise, or 

multiple measurements may conflict. The purpose is to provide a best 

estimate of the current situation or "state" (values of key variables 

vMch indicate vAiere the telemanipulator end effector is relative to 

reference coordinates or to environmentad objects of interest, vAiat are 

the joint amgles and joint angle velocities, vAiat is the level of energy 

or other critical resources, and so on) and display this to the human 

operator in a way vAiich is meaningful and usable by him for purposes of 

control. Hiis may mean combining information from multiple measurement or 

data-beise sources, then d^iasing this information to the extent that can 

be done (in li^t of available cedibration data), and factoring in 

prediction of v4iat the state should be based on knowledge of vto.t recent 

inputs were and \Aiat are the likely system responses to these inputs. A 

complete state estimation yields a "best" probability density distribution 

over system states. Much theory is available on sta t e estimation but 

there has been almost no application to space teleoperation. Some 

research has shewn that human operators are unable to assimilate state 

information that is too complex, and tend to simplify it for themselves by 

estimating averages and threwing away the full distribution, or at least 
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by xislng scner sinple ind^ of dispersion, or in the case of joint 
distributions over tuo or more variables by considering only the margined, 
distributions, or even sinplifying to point estimates on the independent 
variables (Rosdooroui^, 1986) . Research is needed on hew to provide the 
operator all that can be got frem state estimation and how to di^lay this 
in a meaningful way. 

Supervisory ccnimand languages must be developed especiedly for space 
telecperators. We have a good start from industrial robot command 
languages (Paul, 1981) and from the few e}periment2d. supervisory command 
languages vdiich have been developed in the laboratory (Brooks, 1979; 
Yoerger, 1982) . we must understand better the relative roles of aralogic 
instruction (positioning a control device in space, pointing, 
degstonstrating a movement) and synbolic instructicn (entering strings of 
cdphanumeric synbols in more or less natural language to oonv^ logic, 
description, contingencies, etc. ) . Clearly in everyday discourse we use 
both anadogic and ^nbolic coding in communicating with one another, 
especially in teaching craft skills, vhich seem to relate cdosely to vhat 
teleoperation is. Both comoaunicatlon modes must be used in ocmmunlcating 
with a telerobot. The telerobot usually starts with little or no 
"context" about the world, vhich objects are vhich and vhere they are in 
space. For this reason, it is necessary to touch objects with a 
designated reference point on the teleoperator, to point with a laser beam 
or otherwise to identify objects (perhaps concurrently with giving names 
or refermioe information synbolicadly) , and to specify reference points on 
those objects. Recent progress in caiputer linguistics can contribute 

much to supervisory cemmand language. 
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Voice control and feedback , for all the times it has been suggested as 


an interesting telemanipulation research topic in recent years, has seen 
very little ^steanatic research. Voice cctonmand probably has the most 
premise for giving ''synbolic” ocramands to the ocoputer (in contrast to the 
normal "analogic” or geometric isomorphic commands vhioh the master-slave 
or joystick provides) . Vocad symbolic commands mi^t be used to reset 
certain automatic or supervisory loops such as grasp force, or to set 
control gain, master-slave anplitude or force ratio, or to guide the pan, 
tilt and zoom of the video cameras (Bejezy et al. , 1980) . 

Aids for failijre detection/identificatlon/emeroencv response are 
particularly important since in a cxmplex system the human operator may 
have great difficulty knowing vhen some component has begun to fail. Ihis 
can be because the exmoponent isn't being operated and hence there is no 
abnormal variable indicated. Alternatively, if it is being operated, the 
variables being presented as abnormal could have resulted &xm an 
abnomality well ipstream. Finally, the operator can simply be 
overloaded. Kany new failvire detectioiVdlagnosis techniques have been 
developed in recent years, some of them involving Bayesian and other 
statistical inference, some involving multiple comparisons of meaisured 
signals to on-line models of vhat normed response should look like, and so 
on. Failure detectlo^/diagnosls is a critical part of supervisory control, 
vhere the operator depends on help from the computer, but himself plays 
ultimate judge. This may be a prime candidate for the uise of espert 
systems. 
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Meta-analysis of Huinaiv'Ccantpiter/Teleoperator^^ Interaction 


Abstract theory of manipulation and mechaniced tool-using has been 
surprisingly lacking. Control engineering, as it developed throu^ the 
1940-60 period, never really coped vdth the oaiplex sequential 
dependencies of coordinating sensory and motor activities to perform 
mechanical multi-DOF manipulation tasks. Only vhen industrial rcbot 
engineers beg^ul to face vp to hew little they knew about hew to do 
assembly did the need for a theory of manipulation beceme evident. 

Sesnehew it seems reasonable that the syntax of manipulation is analogueais 
to that of natural language (i.e., tool-action-object corresponds to 
subject-verb-object, with appropriate modifiers for each term) , since both 
are primitive human behaviors. It then seems a small step to apply 
ocnputational linguistics to manipulation. But little of this has been 
done as yet. 

PerformaTw* inftagures and eussessment techniques need to be developed 

for teleoperation. At the moment there are essentially no accepted 

standards for asserting that one telemanipulator system (of hardware or 

software or both) is better or worse than some other. Of course to some 

extent this is context dependent, and the success will depend \:pon 

specific mission requirements. But there have got to be some generic and 

ocmmonly accepted indices of p^erformance developed vhich could be used to 

profile the capabilities of a teleoperator vehicle/manipulator system, 

inclxading factors of physiced size, strength, speed, accuracy, 

repeatability, versatility, reliability, etc. One worries vhether even 

terms such as accuracy, repeatability, linearity, and so on are used in a 
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cxnnnon van;/ within the connnunity. No one is asking for rigid 
standardization, but sane canmonalil^ across tests and measures appears 
necessary to atvoid great waste and bureaucratic chaos. 

Direct experimental canpariscns between astronauts performing hands-on 
in EVA and teleoperators. performing either in direet or 
supervisorv-controlled fashion , must be done on a much more extensive and 
scientifically controlled scale, making use of both the manipulation 
theory and the generic performance measures to be developed. These 
eog^eriments should be performed first on the ground in laboratories or 
neutral buoyancy tanks, much as Akin (1987) has begun, then in space on 
shuttle fli^"*"' (e.g. , E»5E esgjerjrents) , and eventually on the space 
station itsel 


OCNCUJSIONS 


A number of research topics have been proposed, all seen as critical 
for the development of needed teleoperator/telerobotic capability for 
future space station and related missions. These have been presented in 
the areas of: (1) telesensing (with the longterm goal of tel^resence) ; 

(2) actuation (with the long term goeds or versatility and dexterity) ; (3) 
ocnputer^aiding in si:pervisory control (with the long term goals of 
providing better simulation, planning and failinne detection tools, and 
telerobots vhich are reliable and efficient in time and energy) ; (4) 
meta-theory of manipulation (with the long-term goals of understanding, 
evaluation, and best relative use of both human and machine resources) . 


556 






Telercbotics, ^ls nuch as any other research area for the space 
station, has direct research transferability to the non-government sector 
for rise in manufacturing, construction, mining, agriculture, medicine and 
other areas vhich can inprove our nation's productivity. 
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INTRODUCTION 


draft 

;3T FOR OlSTRlBlinOII, 
ATnOBimOM 
OR IR1IITA110K 

Ihe definition of telerobotics (IR) has not yet stabilized nor made 
the standard English language dictionary. I tend to use telercbotics as 
meaning remote control of robots by a human operator using si^jervisory and 
some direct control. Thus, this is an iitportant area for the NASA 
evolving space station. By robot, I mean a manipulator/mobility device 
with visual or other senses. I do not name manipulators, as in many 
industries autcroation set-ips, robots even if they can be flexibly 
programmed; rather calling these programmable manipulators. Our own 
laboratory at the University of California, Berkeley, has been involved in 
problems in di^lay of information to the human operator, in problems of 
control of remote manipulators by the human operator, and in ccmmunication 
delays and band-width limitations as influencing both control and the 
di^lay. A number of recent reviews have appeared with discussions of the 
history of telerobotics beginning with nuclear plants and underseas oil 
rigs. 


THREE SIMULTANEOUS RESEARCH DIRECTIONS 

I believe that we should engage in triplicate or three way planning. 

It is iirportant to carry out our research to accomplish tasks (i) with man 

alone, if possible, such as in EVA (extravehiculcir activities) , (ii) with 

autoroncus robots (AR) , and (iii) with telerobotics. By comparing and 

contrasting the research necessary to carry out these three approaches, we 

may clarify cur present problems. (See Table 1) 
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There are^ problems tising man alone. The ^)ace environment is 
hazardous. It is very ei^jensive to have a man in space; NASA must have 
quite adequate cost figures obtained from the demcaistration projects that 
have aimaady been acccBpplished with the buttle program. Wfe may also need 
a hitler quality of performance than man alone can provide in terms of 
strength, resistance to fatigue, vigilance, and in meeting special 
problems. For exanple, if the space suit is not of constant volume under 
flexible changes of the limbs, then a great deeil of strength is \ased 
just in maintaining posture. 

Problems with autonomous robots lie in our not having mastered the 
technology to build them and have them perform satisfactorily. They are 
not yet availablel Indeed, designs are not yet fixed and it is not 
oertedn how feasible they will be, especially in terms of robustness and 
reliablit^. 

Therefore, we can see that telerobotics is a viable lea d i n g edge 
technology. However, all three directions should be intensively pursued 
in reseeuxh emd development, especiedly for the next stages of the 
evolving space station planning. 


SPACE STATION TASFS 

One of the major roles that NASA can play is to hypothesize tasks for 
the evolving ^ce station. In this way research iregarding the design of 
telerobots to aoccmplish these tasks can be guided. For a list of seven 
grocps of tasks see Table 2. 
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As I will* consider later. It Is inportant to dlstlngui^ between those 
tasks unique to the MASVevolving Space Station and those with "industrial 
drivers" that will aoccnplish developooent of new technologies in hopefully 
a superior fashion and thus enable conservation of limited NASA resources. 

PR0BUK5 IN TEIERDBariCS 

First I overview problems in telerobotics: those concerning di^lays, 

vision and other senses (Table 3) and those deeding with control and 
c c a mn u nication (Table 4) . 

In each table, I start with basic properties of the human operator and 
end vp with planned capabilities of autonomous robots. In between, I try 
to cover vhat knowledge exists new in cur field of telercbotics. 

Experimented Set*-Up for Three-Axis Pick-and Place Tasks 

A teleoperation simulator constructed with a display, joysticks, and a 
oorrputer enabled three-axis pick-and-place tasks to be performed and 
various di^lay and control conditions evaluated (Figure 1) . A vector 
di^lay system (Hewlett-Packard 1345A) was used for fast vector drawing 
and ipdating with hi^ resolution. In our esq)erijnents, displacement 
joysticks were mainly used, althou^ in one experiment a force joystick 
was used to oenpare with a di^lacement joystick. An L5I-11/23 cenputer 
with the PT-11 operating system conputer was connected to the joystick 
outputs throu^ 12-bit VD converters, and to the vector di^lay system 
throu^ a 16-bit paredlel I/O port. 
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A t^ical- presentation on the display sca:een for three-axis 
picdc-emd-plaoe tasiks included a cylindrical manipulator, objects to pick 
vp, and boxes in vAiich to place them, 2 dl displayed in perspective 
(Figure 2) . Since perspective projection edone is not sufficient to 
present three-dimensioned information on the two-dimensional screei, a 
grid representing a horizontal base plane and references lines indicating 
verticed separations fraa the base plane are also presented (Ellis et al., 
1985; Kim et al. , 1985 submitted) . Hie human operator controlled the 
manipulator on the display using two joysticks to pick vp each object with 
the manipulator gripper and place it in the cxirxesponding box. One hand, 
using two axes of one joystick, controls the gripper position for the two 
axes parallel to the horizontal base plane (grid) . The other hand, using 
one axis of the other joystick, controls the gripper position for the 
third axis (vertical hei^t) perpendicular to the base plane. Picking vp 
an object is acccnplished by touching an object with the manipulator 
gripper. Likewise, placing an object is acccnplished by touching the 
correct box with the manipulator gripper. 

Puma Am Simulator 

In addition to the cylindrical manipulator simulation, the kinematico 

and dynamics of a six ciegree-of-freedom Puma robot am were simulated. 

Eacdi of these degrees of freedcm were controlled simultemecusly using two 

joysticks. Althou^ no ejperiments have yet been performed with the puma 

simulation, it is hoped that it will be a step toward experiments with 

more cxnplex manipulators. A lew-bandwidth telephone connection to 

control two Puma arms at Jet Propulsion Labs in Pasadena is planned. The 
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sisulation will allcw prediction of the robots' motion to provide a 
preview di^lay to help overoonte the ocramunication delays inherent in such 
a low bandwidth connection, or as in transmissions to manipulators in 


Helmet Mounted Display Design 


Motivation 

The motivation of the HMD system is to provide the human operator with 
a telepresence feeling that he is actually in the remote site and controls 
the t-/*! gmani pii at-r>T» directly. The HMD system detects the human operator's 
motion, and controls the remote stereo camera accordingly, m our 
current system, the remote telemanipulation teu^ environment is simulated 
and the pictures for the di^lay are generated by the oonpiter. 

Head Orientation Sensors 

A two-axis magnetic Helmholtz coil arrangement was used as a head 

orientation sensing device, to detect horizontal and verticed head 

rotations (Figure 3) . By assuming that the pan and tilt angles of a 

remote stereo camera ar& controlled in atfCMdanoe with the horizont 2 LL and 

verticed head rotations, respectively, the computer generates the 

corresponding stereo picture for the HMD. The head orientation sensing 

device is composed of a search (sensing) coil mounted on or beneath the 

helmet and two pairs of field coils fixed with respect to the human 

operator's control station. The ric^it-left pedr of the field coil 

571 


generates the horizcntal magnetic flxsc of a 50 KHz square wave. Ihe 
i:^p<-d 0 wn pair of the field coil generates the vertical magnetic flux of a 
75 KHz square wave. The search coil detects the induced magnetic flisc, 
vMch is anplified and separated into 50 and 75 KHz ocanoponents. The 
magnitude of each frequency ccnponent depends vpon the orientation of the 
search coil with respect to the corresponding field coil (IXaffy, 1985) . 

I£D Di^lay 

An early configuration of the HMD had a flat-panel IjC35 (liquid 
crystal di^lay) screen (a coBonmercially available portable LCD television) 
mounted on the helmet for the display (Figure 4) . Hcwever, the picture 
quality of the LCD screen was poor due not <xiLy to low resolution tut also 
to poor contrast. 

CRT Di^lay 

A new design of the HMD that we currently have, mcunted a pair of Sony 

viewfixders (Model VF-208) on the helmet (Figure 5) . Each viewfinder has 

a 1-inch CRT (cathode ray tube) screen and a converging lense thrcu^ 

vhich the human operator views the CRT screen. Ihe ccaiputer-generated 

stereo picture pair (stereogram) is di^layed on the CRT screens; one for 

the left eye and the other for the ri^t. Ihe converging lens forms the 

virtual image of the stereogram behind the actual di^lay screen. When 

the CRT screen is 4.2 can apart fron the lens vhose focal length is 5 an, 

the virtual image of the CRT screen is formed at 25 can apart frcra the lens 

with an image magnification of 6. Ihus, a 1-inch CRT screen appears to be 
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a 6-indh screen to the viewer. At appropriate geonetric 2 d and optical 
conditions, the ri^t and left images overlay, and most people can fuse 
the two images into a single three-dimensional image. The stereoscopic 
display formulas used to generate the stereogram for the helmet mounted 
display are described in references (Kim et al., 1987) . 

Mechanical Design 

Five degrees of freedom were provided for the mechanical adjustment of 
the position and orientation of each viewfinder, edlcving three orthogonal 
slidings and two rotations (Figure 5) . A 1 lb. oounterwei^it was attached 
to the baok of the helmet fc^ counter-balancing. 

Communication Delay and Preview 

Omnmunication delay is a significant cxsnstraint in human performance 
in controlling a remote manipulator. It has been ^own (Sheridan et al, 
1964, Sheridan, 1966; Tomizuka and Whitney, 1976) that preview information 
can be used to improve performance. Stark et al, (1987) demonstrated that 
preview can significantly reduce error in tracddng experiments with 
imposed delay. 

Experiments were performed to investigate vhether a preview display 

could improve performance in piok-and-place tasks with delay. A single 

bri^t diamond-shaped cursor was added to the display to represent current 

joysticdc position. This was a perfect prediction of vhat the end effector 

pceition wculd be after the delay interval. Thus, the task was the same 
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as If thera were no delay, except that the BD had to wedt one delay period 
for oonfimatlon that a target had been touched or correctly placed (in 
the non-previewed di^lay, the target letter was doubled vAien picked 
aixi single agedn v^ien placed in the correct box) . 

Preview iirproved performance at delays vp to 4 seconds so that it was 
almost as good as for a small delay of 0.2 seconds (Figure 6) . Miile task 
ocnpletion time in the delayed condition increased greatly with delay, 
there was only a small increase in the preview case. Ihis is because the 
H.O. must ccnpensate for delays by losing a "move-and-wait” strategy, 
making a jcfystick loovement and vraiting to see the resultant and effector 
movement. In the preview case, this strategy is only n ecessary vAien very 
close to the target or box to wait for oonfirmaticn that the goal has 
indeed been touched. 


Control Mode Esqjeriments 

Position and rate controls are the two ccanmon manual control modes for 
controlling telemanipulators with joysticiks (or hand controllers) (Jchnsen 
and Corliss, 1971; Hfeer. 1973) . In the position control the jcystidc 
command indicates the desired end effector position of the manipulator, 
vhereas in the rate control the jcysticik command indicates the desired end 
effector veloci”^. 

In our three-axis pick-and-place tasks, the human operator controls 

the manipulator hand position in the robot base Cartesian coordinate by 

using three axes of the two displacement joysticks. In pure (or ideal) 
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position oontzol, the ^stem transfer function fraan the joysticilc 
displaoeinent inpzt to the actual manipulator hand position output is a 
oonstant gadn for each axis. In pure rate control, the system 
transfer function is a single integrator G^s for each axis. In the 
rate control, a 5% dead-hand nonlinearity is introduced before the pure 
integrator in order to inhibit the drift problem associated with the pure 
integrator. 

Ocnparison of Pure Position and Rate Ocntrols 

Ihree-axls pick-and-plaoe taslcs were performed with both pure position 
and rate control modes for various gains (Figure 7) . Ihe mean oonpletion 
time plot clearly shows that plok-and-place performanoe with pure position 
control (mean ccnpletion time 2.8 seconds at Gp=2) was about 1.5 times 
faster than that of the pure rate control (mean oonpletion time 4.3 
seconds at G^<»t) . 

Trajectories of Joysticilc and Manipulator Movements 

m order to examine vhy the position control performed better than the 

rate control, several trajectories of the joystick displace m e n t input and 

the manipulator hand position output during the pidc-and-place operation 

were observed. lyplcal trajectories frcm the start of trying to pick i:p 

an object to its acroniplishment were plotted to illustrate position, rate, 

and acxseleration controls (Figusre 8) . Conponents only for the x-axis 

(side-to-side) are plotted, since cxmpcnents for the other two axes are 

similar. Observation of several trajectories indicates that a precise 
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re<'Posltianlng of the manipulator hand Is achieved by a ocnbination of 
quick step re-^xsiticning operations and slew smooth movemait operations. 
In position oontrol one quick step re-positioning of the manipulator hand 
frem one position to another requires one joystick pull or pu^ eperation/ 
vnereas in the rate control it requires a pair of operations; 
pull-and-pu^ or pui^-and-pull operations (Figure 8) . Ihis is a major 
ireason vhy the position control yielded better performance than the rate 
control for eaxr pick-and-plaoe tasks. It should be noted, hewsver, that 
the pick-and-plaoe task is a positioning task. If the task is following a 
target with a constant velocity, then velocity (rate) control would 
perform better. 

Acceleration Control 

Three-axis pick-and-plaoe tasks were also tried with acceleration 
control. It turned cut, however, acceleration oontrol was not adequate to 
perform stable, saife pick-and-plaoe eperations. In acceleration control, 
the manipulator tends to move eilmost all the time even thou^ the joystick 
is at the center position. Note that in pure rate control, the 
manipulator does not move vhen the joystick is at the center position 
regardless of parevious history of the jcystick displacement. 

Human A^iptatlon to Gain Change 

Mean ocnpletion time did not change much for the various gains tested 

(Figure 7} , vhich means that the human operator ad£$ted well to the gain 

change (McRuer et al., 1965; Young, 1969; Stark, 1968). Both lower and 
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hitler gedns relative to the optimal gzdns caused sll^t ijicrease in the 
mean ocnpletion time. A reason of sli^tly longer mean ocnpleticn times 
with lower gains is because lower gedns demand vdder joystick 
di^lacements and it ta3ces longer for the finger or hand to di^lace the 
joystick wider. A reason for sli^tly longer mean ccnpletion times with 
hitler gedns is that hi^ier gains demand more minute joystick 
displacements^ degrading effective resolution of the joystick control. An 
additional major reason for longer mean ocnpletiai times with lower gains 
for the rate control is due to the velocity limit. 

Force Joystick 

Ihe two common joystick types are the displacement and force 
joysticks. Ihe output of the displacement joystick is proportional to the 
joystick di^lacement, vdiereas the output of the force joystick (isometric 
or stiff joystick) is proportional to the force applied by the human 
operator. Ihe advantage of the force joystick is that it requires only 
minute joystick displac:ements (a few micrometers) in contrast with the 
displacement joystick (a few centimeters) . 

Pick-and-place tasks were performed for pure position and rate 

cxntrols with di^laoement and forc» joysticks. Ihe esperimental results 

for two subjects (Figure 9) shows that in the rate control, task 

performance with force joystick was significantly feister than that with 

displacement joystick. Ihis is mainly because the force joystick senses 

the applied force directly, requiring cnly very minute joystick 

di^laceroents. In the petition control, however, the force joj^ick 
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perfarmed no be tt er than the di^lacemerrt joystick. In fact, edl three 
subjects preferred to use the dl^lacement jcystlck in this mode, since 
the foroe joystick required more force to be called than the di^lacement 
joystick, especially vAien the manipulator hand is to be positioned far 
away fixm the initial center position. Position control also performed 
better than the rate control regardless of joystick types, and furthermore 
the position control with the displacement joystick performed best for our 
pick-and-place tasks (Figure 9) . 

Resolution 

The gyperi mental results demonstrate the si;periority of position 

control vdien the telemanipulator has a sufficiently snail work space 

(Figures 7, 8, & 9) . Note that our three-axis pick-and-plaoe tasks vised 

in this e}q)eriment inplicitely assumes that the manipulator work ^aoe is 

smal l or at least not very large, since our task allows the human operator 

to perform successful pick-and-place operations with a display shewing the 

entire work space cn the screen. Exasples of snail work ^ace 

telemanipulators can be found in nuclear reactor teleoperators, surgical 

micro-telerobots, or small dexterous telerobotlc hands. Position control 

can also be utilized during proximity operations in conjvmction with the 

foroe-reflecting joysticks for enhanced tel^resence (Bejezy, 1980) . 

When the telenanipulator's work ^ce is very large as cenpared to human 

operator's control space, position control of the entire work spaca 

suffers &xnt poor resolution since human operator's control space must be 

greatly vp-scaled to acocinmodate the telemanipulator's large work space 

(Flatau, 1973) . One way of solving this poor resolution problem in 
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position control is using Indexing (Jotinson and Corliss, 1971; Argome 
National Lab, 1967) . In the indexed position control node, the control 
stick gain is selected so that the full displacement range of the oontrol 
stick can cover only a snail portion of the nanipulator work space, and 
large movements of the nanipulator hand can be nade by successive uses of 
an indedng trigger mounted on the oontrol stick. Note, however, that 
rate oontrol can inherently provide any hi^ier degree of resolution by 
mere change of oontrol stick gain without vise of indexing. 

Hcmecmorphic Controller 

Most of our pick-and<-place and tracking experiments were performed 
with joysticks as the input device throvn^ vAiich the hunan operator 
controlled the simulated nanipulator. Ihe operator's movements vdnen using 
joysticks are non-homeomorphic, so that the movements he must make to 
produce a desired nanipulator response do not natch the movement of the 
manipulate end effector. Thus, he must nent 2 vLly ootvert the desired end 
effector postion to Cartesian coordinates and use the joysticks to input 
these coordinates. 

To attempt to stucfy vhether a truly hcroeoroorphic input device could 

improve perfomance in tracking tasks, an apparatus of Identical form to 

cur simulated cylindrlced nanipulator was built. A verticeLL rod was 

svppeted lay bearings on the base to edlcw rotation, theta. A 

counterweic^ted horizontal arm was attached to the rod with sliding 

bearings to permit rotation and translation In the r and z axes 

respectively. Ihe human operator could ccntrol position thrcx#i a handle 
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on the enl of the arm ocanresponriing to the end effector of the simulated 
manipulator. Potenticmeters measured mcvement in eadi axis to dete rm i n e 
input r, theta, and 2 . The ISI-11/23 ocnputer read these values throu^ 
VD channels and di^layed the manipulator in the identical position. 

Three-dimensional tracking experiments were performed with the 
hcanecnorphic controller and with joysticks for gains varying from 1 to 5 
to ocmpare performance (Figure 10) . The results do not shew a significant 
difference between the hcmecnorphic controller and joysticks over the 
range of gain valxies. Althou^ the larger movements required fear the 
horoeomorphic controller, with greater inertia and fiction than the 
joystick, may have limited performance, we believe that human adaptability 
minimizes its advantages. 

Training by Optimal Control Exaitple 

A simplified simulation of the manned maneuvering unit, MM7, enabled 
stuc^ of training of human control performance (Jordan, 1985) . C^y three 
translatory degrees-of-ftneeden, x, y and z, were used. Thrusters 
generating pulses of acceleratory control were controlled via a ke^xoard 
and the task was to accelerate simultaneously in x, y and z to a maximum 
velocity, transit to the desired new location, and decelerate again 
simultaneously. TV» di^lays were used ~ a perspective display of a 
minified model of the MMV, or two two-dimensional projectors of that model 
with a small inset of the perspective display. 
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Subjects generally performed poorly during the few hundred seconds 
allowed for the tasks (x;¥3per panels Figure 11) . It was decided to allcw 
the subjects to view this control problem carried cut by a sinple optimal 
control edgorithm (see middle panels Figure 11) . This es^erienoe was of 
c^nsiderahble help and several subjects then performed quite well (bottom 
panel. Figure 11) . 


This es^jeriment, leaming-by-exairple, illustrates a strategy that 
perhaps may be effective in more ocnplex and reedistic tasks as well. 


INDUSTRIAL EEIEVERS FCfR CERTAIN NECESSARY 
SPACE STATION TECHNOICGIES 


DRAFT 


MT FOR DBRIBIITIOli. 
ATTRBBIIIM 

This next section deals with the future, and especiedly with OR MOTAIIOII 
"industriad drivers" other than NASA for new technologies vhich may be 


required in the evolving Spaice Station. In Table 5 I list nine ocnponents 
of a telerobotics system that oextadnly seem to be driven by important 
industrial hardware requirements, research and development. Therefore, it 
seems reeisonable for NASA to sit back and wait for and evaluate these 


developments, saving its resources for those necessary technologies that 
will not be so driven. 


looking at these figures gives us seme concept of hew industried 

development may provide various types of technologies for the evolving 

Space Station; indeed, NASA may be able to pick and choose from 

off-the-shelf items 1 For example, the most pewerful oenputers on the last 

space shuttles were the hand-held portable cenputers that the astronauts 
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brou^t aboard y^tdcii cxsntedned much greater capability than the on-board 
ocmputers; those had been frozen in their design ten years ago in the 
planning stages for the space ^mttle. 

necessary TEIEROBOnCS TEX3JNOLOGIES TO BE SPARKED BY NASA 

However, there are several areas in telercibotics that may likely not 
be driven ind^)endently of NASA, or where NASA may have an inportant role 
to play. Indeed, the Congress has specifically mandated that 10% of the 
Space Station budget shculd be used for Autcsnatian and Robotics 
developoent, and that this in some sense shculd spearhead industries, 
robotics in the united States (Table 6) . 

UNIVERSITY NASA RESEARCH 

I now would liJce to maJce a plea that NASA should expand and stimulate 
telerobotics research conducted within the university environment. Of 
course, as a professor I may have a bias in this direction and I am 
willing to listen to contrary arguments! In addition to the benefits of 
the research accomplished by universities, NASA also gets the education 
and trednlng of new engineering marpower specifically directed towards 
telerobotics, and focused on the evolving Space Station. 

What kind of vmiversltv and adurat-ional research shculd be funded in 
general ty NASA. I believe there are two levels of cost (with however 
three directions) into which these educationsd reseeirch labs shculd be 
classified. 
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(i) First are siTnulat-inn Telerobotics labcratCTles. Here we need 
graphics ocnputers, perhaps jcysticks/ perhaps hi^ier level si:^)ervisory 
control languages, cameras, image ocBoopression techniques and ccsnmunication 
schemes. I would guess that our country needs at least thir^ such 
systems for education and training. These systems should be very 
inexpensive, approximately $50,000 each. They need not even be paid for 
by NASA, since isuversities can provide such research simulation 
laboratories out of their educational, budgets or from small individual 
research grants. CXir Telerobotics Unit at Berkeley has been thus funded. 

A good deal of exploratory research can be carried cut ine^qjensively in 
this manner. 

(ii) Second, we need Telerobotic Laboratories with physical 
manipulators present as iirportant research components. In this way, 
eo^jeriments with various robotic manipulators, especially those with 
special control characteristics such as flexibility, honecraorphic form, 
new developments in graspers, and variable iirpedance control modes, other 
than are found in standard industrial manipulators, would be possible. I 
guess that there are about five such laboratories in some stage of 
developooent at major xmiversities in the country. I would further 
estimate that these laboratories could each use an initial development 
budget of $300,000 to enable them to purchase necessary harxiware in 
addition to software as existent in the Simulated Telercbotics 
Laboratories. 
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Another set of costly laboratories wculd be Telerobotics Laboratories 


with reomote coeratorino vdiicles . Here agsdn, we need about five 
laboratories at universities with first class engineering schools. Again, 
I estimate about $300,000 each for the initial hardware sc^iport of these 
POV labs. They could then stuc^ transfer vehicles, local Space Station 
vehicles, MocaVMars Rovers, and even ccnpare HMCJ vs. telerobotic 
controlled vehicles. 

The universi'ty laboratories would contrast with and serve a different 
function than ongoing aerospace industried laboratories, and NASA and 
other government laboratories. These latter assemble hardware for 
demanstration and feasibility studies. Then unfortunately they are 
scinehow vnable to carry out careful human factors research dealing with 
the changing design of such pieces of equipment. In the vmiverslty 
setting, this apparatus could be taken apart, changed, revitalized, 
modified and the flexibility would inform our current capability. I would 
like to contrast the Gossamer Condor and Gossamer Albatross with the NASA 
program. It was clear that if McCreaic^ was ever to be successful, he had 
to build an experimental plane vAiich was expected to break dcwn each 
experimental day. But the plane could be repaired in a few minutesl This 
"laboratory bench" concept is so different from twenty-year-ahead-planning 
currently oontrolllng cur space progr a m that has been effectively 
eliminated at NASA. I think it is important to reintrxxduce rou^ and 

rea<^ field laboiratories back into the ^pace pr ogxram. 
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NASA HUZES 


Another role that NASA might play is to offer demonstratim contracts 
or^ even better^ prizes for acccnplishment of specific tasks. Agzdn I 
turn to the Kremer Prize; here a private individual donated prize money to 
be awarded to the first to build a man-powered edrcraft conforming to 
certain carefully ladd out specifications. 

OcnDnnicatian channels for controlling remote vehicles and remote 
manipulators eure alr eady set vp. Ihus we could have prize contestants 
demonstrating at differing locations on earth at one "g"; next 
demonstrations using elements ce^>able of operating in space, or even more 
stringently, of having that minimum mass ce$>able of being lifted into 
^oe; and then we mi^t have trvie shuttle and space station 
demonstrations. 

INTELLECTCIAL PRDHLBIS IN TR FOR IHE SPACE STATION 

Finally, I would like to leave you with the thcught that the list of 
toHae-sparked-by-NASA problems in Table 6 oont£dns many inportant 
intellectual problems facing the area of telerobotics. Althcu^ these 
areas are being epproached in cur research community at the present time, 
it may not be possible to forsee vhat novel kinds of challenges will face 
the evolving Space Station in twen^ years. Even thcui^ I may not predict 
accurately, I certainly hope I am there in person to watch telerobotics 

playing a major role in operating the Space Station. 
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SUMMARY 


The telerobotlc, TR, system Is a simulated distant robot with vision 
and manipulator and/ai: mobility subsystems controlled a human operator, 
KO. The H.O. is informed mainly by a visual display , hut also by other 
sensors and other sensory displays, i.e. auditory, force or tactile. His 
control can be direct via jcysticJcs, or si:pervisory via command and 
control primitives effected by partially autoronous robotic functions. 
Delays and bandwidth limitations in cammunication are key problems, 
ccnpllcating di^lay and control (Stark et al., 1987). 

Class experiments enabled cur Telerobotic unit at the university of 
California, Berkeley to explore in a number of research directions. The 
HMD direction has now been greatly extended and is a major focus in cur 
laboratory. On the other hand, the homecmorphic controller did not seem 
to be a productive project to continue because of the adaptabilily of the 
H.O. to many configurations of ocaitrol. Also, our interest in stpervisory 
and other hi^ level controls is leading us away from the direct manual 
control. The students taking a graduate control course, ME 210 
"Biological Control Sytems: Telerobotics," during the fall semester, 

1985, in vhich the helmet mounted display, HMD, is enphaslzed, were 
enthusiastic and felt the course stimulated their creativity and provided 
an opportunity for them to engage in relatively unstructured laboratory 

work — a good model for subsequent thesis research. 
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TABIE 1 Triplicate Planning 


Problems with man eilone 

Hazardous env'ironment: 

(space sirdlar to nuclear plants, underseas) 
Eiqansive (i.e. EVA in space) 

Need increased quality in 
Strength 

Fatigue resistance 

Vigilance 

Performance 



Problems with Autonoroous Robots 

Not yet available 
Design not fixed 
Feasibility not certain 
Reliability not tested 

Therefore: ^ is a viable leading edge technology 

All three directions should be supported for evolving space station 
planning, research, and develcpnent. 
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TABIE 2 NASA- should Hypothesize TASIS for Evolving Space Station 


Hcausekeeping 

Life siipport systems 
Inventory oontrol, access and storage 
Record keeping 
Garbage disposal 


Protection 

Frcm ^ce garbage 
From meteorites 
From traffic flew 


Maintenance 

Satellite 

Vdiicles 

Space station itself 
Construction 

Additional ^>ace station structures 
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M&mfacturincr - 


Crystzd growth, bicpharnaoeuticals 


MnbilltV 

AiatcBnatic piloting 
Navigation 
Path planning 


Scientific 


Landsat type image processing for agriaalture 

Meteorology 

Astronotty 

Human factors resea r ch 
Scientific record keeping 
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TABIE 3 Dismay Problems for the tLonan Operator 


E-.^lay graphics (raster/vector) 

On-the-screen enhancements 
Qn-the-scene enhancements 
Other senses di^layed 
Inputs to other senses 

Perspective and Stereo Displays 
Task perfomance criteria 

Itelmet Mounted Display 

Telepresence; space constancy 

Human Operator (H.O.) Perfoxmance 
Fatigue, effort, vigilance 
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Robotic Vision 


LLV - Chips 

MLV - blocikMorld and hidden lines 
HLV - ICM, AI 
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TABLE 4 Oontrol a«i (ismnunication Problems for the Human C^jerator 


Basic properties of H.O. , especially for EVA task performance 

Nerve, muscle, AG/AT model 

Sanpled-data (SD) and adaptive control 

Prediction, preview, optimal control — Kalman filter 

H.O. control of vdiicles, manual oontrol 

H.O. control of TR 

H.O. specicd control: 

Preview, delay, bilateral, hcanecraorphic control 

Loconotion (human, robotic) : 

Navigation — pathways 
Potentiea field algorithms 
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HLC (hi^ level control) : 


Supervisory control 

MUltiperson cooperative control; RC3CL; fuzzy sets 


Autonoorncus robotic (AR) control 


Sensory feedback, adaptive control, AI 
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TABLE 5 Drivers other them NASA for Nine Needed Technologies 


Robotic Manipulator and Control Scheme 
Joysticilc - Aircraft 

^ Manufacturing Industry, Nuclear Industry, Mining Industry, 
Sensors: Force and Touch; ccxnpliant control 

ROV and Mobility 

Military, tanlcs and other vehicle plans? 
undersea RCfV - Oil and Ctoanmunications Industry 
Locomotion - Uhiversi^ Research 
Shipping Industry: Ships at Sea [AR, TR, Man] 

TV Camera 

Entertainment Industry - commercial device 
Security Industry 

Need mounts, controls and motors for PAN, UliT and for Stereo VG 
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Graphics 


Entert 2 djiinerit industry is a better driver than catpanies building 
Fli^t Simulators; 

• HMD as an exanple. 

EM sensors rese2uxi\/Head-EVe Meuse 


ICM 


Landsat 

Securily 

Medical Industry - CT and MRI 
Industrial Production Lines 
TD - Image ISnderstariding 


OcTOPuter 

Ocatputer Industry 
(HDW) and (SEW) 

Cenputer Science research base is nov very broad 
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Ctetnmunlcatioai - 


Gcmnunlcatlcn Industry Is huge 
Ships at Sea 
EW Ccanpression 
Peaoote Oil Rigs 
Arctic Stations 


Plans and Protocols to Combat H.O . Fatigue emd tg Promote H.O . Vigilance 


Office Autoroation Forces 
Air Treiffic Control Needs 
Security Industry 

Cooperative Control 

Military *■ suhonarine control 
Helicopter fli^t control 
Air traffic controllers 
Nuclear industry 
Chanical plant industry 
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TABLE 6 Areas Sparked by NASA not Industrially L)rivai 


Visual Enhancements for Graphic Display 


Telepresence with Stereo Helmet Mounted Display (HMD) 


MUltisensory Input Ports: 

Worry about H.O. overload oondition 

(especially with cooperative control and ccanmunicaticai) 

Hlc^ier Level Pobotic Vision: 

Exanple — Image Ccnpressicn by Modeling (ICH) 

(to require less informaticn flow and faster vpdate) 
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special Control Modes for H.O. 


HOnecncxrphlc control 
Bilateral control 

Time delay and preview control for time delay 
Compliant control 

Hitler Level Control Languages 

(such as ROCL; fuzzy control; path planning by potenticLL field 
construction) 



Remote operating vdiicles (R0V) special control problems: 


Navigation, orientation, obstacle avoidance for ROV 


Cooperative Control: 


Cooperation amongst humans, telerobots, and autonomous robots 
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Ccnpllant, Flexible, Hcneanorphic Manipulators 


Grai^ versus tool using 


HcBDaecnorphic IXaeU. Hade Control 


Utpedanoe Control 
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TEIEERESENCE AND SUPERVISQRY OCNIROL 


A CX301ENTABY CN 1HE SHERIDAN AND STARK PAPERS 

Tel^resence and si?)ervisory cxntrol technologies, as Professor 
Sheridan pointed it out, represent advancements or refinements of existing 
teleqperator technology capabilities. Both technologies are strongly 
driven by and rely \:pon increased cottpiter and ccraputing capabilities and 
are regarded as substantial contritwtors to evolving space station 
capabilities in the sense of reducing EVA astronaut involvement in 
assenobly, servicing and maintenance operations. Moreover, both 
technologies carry the promise of substantial spin-off for advancing 
capabilities of the U.S. production and service Industries. 

Professor Sheridan and Professor Stark enumerated and elucidated many 

specific topics and issues in sensing, controls and displays for 

tel^resence and supervisory control vMch need research attention to 

advance the state of the art in the two technologies. In ny discussion and 

comments, I would like to focus attention on the same research topics and 

issues fron the following viewpoints: (a) In vhat sense and to vhat extent 

can we expect the enhancement of human operator capabilities throu^ 

telepresence and supervisory control? (b) Vhat ^ecific conditions and 

constraints are irposed by the ^ce application environment on the 

evolving telepresence and supervisory control technologies? (c) Ihe 

multidisciplinary nature of the required resea r ch effort since neither 

telepresence nor supervisory con t rol are intrinsicedly separate science or 

engineering disciplines. A brief description of the basic objectives of 
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telepresence and supervisory control technologies nay help illuraiinate the 
questions that arise frcn the above three viewpoints. 

Ihe basic objective of tel^>resence technology is to adleviate the 
h»-mBn operator's sense of remoteness in the control station by providing 
sufficient infomation to the operator on the activities of the remote 
nadhine in usable form. Ihe content of the last attribute "usable form" 
heavily depends on human capabilities under given conditions, on the 
capabilities and characteristics of machines to be controlled, and on the 
nature of tasks to be acocarplished. Also inplied in this technology is the 
operator's enhanced control response ability to the perceived remote 
events. Briefly, telepresence technology is aimed at providing — so to 
speak — a more intimate, sensitive and hi^ fidelity input and output 
connection between cperator and remote machine. 

The basic objective of supervisory control technology is to provide 
sufficient capabilities for the human operator to tell the remote machine 
vhat to do and, eventually, how to do it, without involving the operator in 
continuous control coordination of a multitude of machine actuators needed 
to execute a task (note that a dual-arm system contains fourteen or more 
actuators) . Thus, in supervisory mode of control, the operator controls 
the ta^ instead of controlling the individual degrees of freedom and 
associated actuators of a multi-degree-of-freedcm ccnplex machine. Inplied 
in this technology eure two importeuit technical capabilities: (a) flexible 

autcroation of actions of a raulti-degree-of-freedcm ccnplex mechanical 
system, and (b) flexible language-like or menu-type interface to, or 

interaction with, the autcmated mechanical actions of a remote machine. 

620 



Several notes should be added to the objective descxiptions of 
telepresencie and si$)ervlsory control technologies. First, none of them 
eliminates the human operator fixn the operation, but both change the 
operator's function eissignments and enplcy human capabilities in new ways. 
Second, both technologies premise the performance of more tcisks with better 
results, but, in doing so, both technologies also make a close reference to 
human capabilities of operators vho will use evolving new devices and 
techniques in the control station. Ihlrd, both telepresence and 
si:peivisory control technologies make reference to evolving capabilities of 
other technologies like sensing, hi^ performance oonputer grsphics, new 
electro-mechanical devices, ccnputez>-based flexible automation, expert 
systems for planning and error recovery, and so on. Thus, the progress in 
both technologies are tied to rich multidisciplinary activities. Fourth, 
both technologies require the evalmtion and validation of their results 
relative to the application environment. For space station sce n a r ios, this 
implies the effect of zero-g on human operators, restricted local resources 
(like power, work volume, etc. ) for a control station in Earth orbit, 
limited ocmmunication bandwidth and seme ocmnunlcation time delay between a 
control station and reoDKSte machines, fragile and sensitive nature of space 
systems a teleoperator machine will be working on, changes in visual 
conditions in Eeu±h orbit relative to visued. oonditicmis on Earth, and so 
on. 


The above notes, together with the objective description of 
telepresence and sipervisory cxmitrol technologies, motivate a few important 
conclusions. 
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First, the hi^ fidelity, human operator referenced, man-machine 
coi5>ling — hardly worked on in telepresence technology — suggests we 
revisit anthropcroorphic machine technology. Ihe primary reason for the 
revisit is not a declaration of some intrinsic optimality of 
anthropomorphic machines, but a recognition of their potentially easy and 
natural interface to hviman operators to physically extend the rich human 
manipulative capabilities, embodied in the dexterity of the human hand, to 
remote places. One may visualize a backdrivable glove-type device on the 
operator's hsmd connected throui^ bilateral control to a controllable 
mechaniccil replica of the human hand equipped with some sensing 
capabilities. This vision may not seem too strange vhen capabilities of 
cotponent technologies needed for the development of this anUrrcpcmorphic 
machine are considered. 

Second, the performance of nonrepetitive, singular or imexpected 
teleoperator tasks in space may benefit frcsm the development of shared 
manual and autcsnatic corrputer control techniques vhenever application 
scenarios permit their use. These techniques intend to ccsrnbine the best 
attributes of human cperators and conputer control under restricted 
conditions. 

Third, the operator is facing a very rich environment in the control 

station in terms of decision, ccsnmand, control and information processing 

even with increasedtel^resence and supervisory control capabilities. Die 

to the nature and time scale of activities in telemanipulation, the 

operator's mental status and readiness can be ccnpared to an airplane 
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pilot's functional situation during tate-off or landing. Thus, 
proliferation of control and infonnation heurdwzune in the control station 
does not serve the best interest of the human operator. The more oanpater 
tecimology is enplcyed at the control and infonnation interface in the 
control station in a clever way, the better off is the human operator to 
maJce control decisions efficiently. 

Fourth, the R&D effort for advancing tel^resenoe and supervisory 
control technologies should be aoccopanied by systematic work on developing 
a human factors Ha-ha base euid models for understa n di n g and utilizing the 
results of these evolving technologies. It is apparent from the nature of 
these evolving technologies that the limits or limitations rest not so much 
with the technologies themselves but with the human capabilities to absorb 
and use these technologies. 

Fifth, final evaluation and validation of tel^resenoe and supervisory 
control technologies for space station naturally require esperiments and 
manifests in i^ce vAienever human perception, decision, control and other 
activities eure influenced by space conditions. Simulations are useful 
research and developnent tools, and they can pave the way towards 
performance evaluation and validation. But a ccnprehensive sunulation of 
true space conditions on Earth for developing a human factors data base and 
in telepresence and supervisory control technologies does not seem 
feasible. 

Professor Stark make a str o ng case for NASA-Uhiversily research in this 

arena. The benefits of NASA-Uhiversit^ connections in human factors 
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reseeuxh in the field of tel^resenoe and supervisory control can i n deed be 
manifested throu^ past and present exaitples. Particularly appeeding are 
cases vdien graduate students carry out the e}^)erimental part of their 
thesis research at NASA-sipported, unique laboratories liJte ARC, JEL, JSC, 
and so on, or \Aien students spend seme working time at NASA laboratories as 
ooeperative students or as academic part-time enployees working on topics 
related to their vmiversity studies. 
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TEIEERESENCE & SUPERVISQE?Y OQNTRDL 


SYNOPSIS OF GENERAL AUDIENCE DISCUSSION 
QUESnCNS AND ANSWERS 

Ihe first question was focussed cai a carament, made Professor Larry 
Stark, that wide-field-of-view dii^lays are particularly needed in fli^t 
simulators. Ihe question was prefaced with the suggestion that this is a 
limiting technology for anyone vho is interested in rctootics applicaticais 
in space, vhere (a) the location of the observer is liJcely to be moving, 
and (b) the observer needs to be concerned, not only about the orientation 
of the object teing manipulated, but also about his or her own orientation 
with respect to some larger coordinate range. It was noted that there are 
some state-of-the-art wide filed of view di^lays that cost millions of 
dollars and proposed that some kind of research to lower the cost of 
wide-field-of--view di^lays mi<^t be in order at this point in time. 

Professor Stark replied that, in this opinion, wide-field-of-view 
technology is very important. Pfe provided the following example: 

o When people lose their wide field-of--view (e.g. , have tunnel vision 

due to scare neurological disease) th^ find that they can read and 

their visual acuity is 20-20; they find, however, that it is hard 

for them to merely walk throu^ a doorway because they are lacking a 

functional flow^field, the lateral and vertical ej^ansion 

flcw^fields, v^ch are directly connected by primitive 

neuro-pathways to the vestibular ^^tem and are coordinated in the 
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foculous of the cerebellim as ^own in some brilliant studies by 
Jerry Siirpson and other neurophysiologists recently; the lateral and 
vertical expansion flc^fields give us cur orientation. 

o On the other hand, vdien people lose their foveal vision vMle 
retaining their flew fields, they are legally blind (with a vision 
rating of 20/200) ; they may not be able to read, however, they can 
still walk throui^ rooms, get into a car, and drive (patients 
say — "You know. Doctor, I can drive very well, I just can't read 
the freeway signs, so I don't knew vAien to get off") . 

Professor Stark concluded that, vAien people are doing some tasks 
(manipulating, inspecting) they need foveal vision. In other cases (moving 
about within an area) they may need a wide-field-of-view. Ihe human visued. 
system is a dual system — we have both — and it should be possible to 
design something (perhaps using inesg^ensive TV cameras) to provide 
wide-field-of-view for gross movement tasks, and hi^ resolution (like 
reading glasses) for manipulation tasks. 

Ihe second question was directed at Professors Sheridan's comment that 
there is yet no good way of describing (or r^resenting) the process of 
manipulation. It was suggested that soinething like the notation system 
used by choreographers, to represent complex dance motions, mi^t be useful 
in this context. 

Professor Sheridan agreed that "labanotation" (dance scoring) or 

musical scoring (vhich is more thorou^y developed) , is the kind of thing 
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that mi^t be-iaseful — given a substantial amount of additional 
developonent. One problem discussed In relation to the use of this l^pe of 
notation, was the fact that, for a given instiument, the range of 
manipulations (speed or fingering) Is fairly constrained. 

In teleoperations and robotics manipulations, the notation system would 
have to be able to cope with continuous geometry, hyperspace, and time. In 
this type of manipulation, oonsideratiQns include; multiple degrees of 
freedom (six degrees of freedom for any object, plus ma^ioe the six 
derivatives, plus the six accelerations — and that is just the beginning) 
and multiple objects/oonponents in motion (vAien three or four things are 
moving in relation to one another you immediately get into a twelve or 
twenty-four dimensional space and problems of dealing with trajectory in 
state-space to describe a manipulation) . It is a very big order to develop 
a notational scheme vhioh is both sufficiently oottplex, and sufficiently 
oonprehensible, to be useful. 

Professor Newell noted that the problem of telepresence (generating a 
feeling, on the part of a remote operator, of ”being there” at the work 
site) is an interesting exanple of a situation vhere researchers are 
working with only a seat-of-the-pants notion of the underlying concepts. 

He suggested an immense need for a theory and a plausible model of 
presence — a theory of vhat happens to humans (and vhy) vhen they 
••project” themselves to a remote work site. 

Professor Sheridan suggested caution in the use of of terms like 

••project oneself”. He noted that it mi^t be possible to project oneself 
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throu^ drugsr or soDoe other method, vMch would not be particularly 
helpful in terns of perfomance. In addition, he suggested that "being in 
coitrol of” a remote operation mi^t not require a feeling of "being 
thgj-eii — that tel^resence by itself is not the goal — it is readly 
performance that makes the difference. 

These caveats notwithstanding. Professor Sheridan agreed that the 
develcpnent of a cognitive theory of presence would be a hi^ily desirable 
goed. He suggested that "pieces of it are lying arcurri" (e.g. , the work of 
Murray and others in image rotation, etc. ) . 

Professor Stark suggested that "tel^rojection" is a very natural 
phencxnencai. He noted, for exairple, that vhen an athlete swings a baseball 
bat, that he or she as an operator/tool user is able to "project" 
kinestheticadly and visuedly to the end of the bat. He pointed cut that 
people automatically develop models for activities that th^ do on a 
regular basis (e.g., picking a pen, using tweezers) , and suggested that 
persons operating remote equipment (e.g., a robotic arm 200 miles away) 
would develop the same sorts of models — as long as there is some sort of 
causal relationship between their behaviors and the behavior of the remote 
system. 
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CX3NCUJDING REMARKS 


In cxjnclusion, one diould note that tel^resence and si;?3ervisory 
control are not mutueilly ejoclusive. Telepresence is need e d in supervisory 
control. The sijpervisory control language, for example, represents only 
one abstract operator output interface to the remote system. The 
perceptive element in sjjpervisory control, that is, the information input 
to the operator from the remote system, should be in the form of 
telepresence "frames” in order to help the operator to determine the 
necessary abstract commands. 

We should sd.so note that tel^resenoe has both qucditative and 
quantitative aspects. The qualitative aspects of telepresence are useful 
for stabilizing a control situation. The (joantitative aspects of 
tel^resence are not well vinderstood (as indicated control 
ej55eriments) . For instance, \dien I am working in a force field, and I have 
active force feedback to my hand, then I am stable — but I have a poor 
quantitative perception of the acting forces. However, if I sbo/t the 
values of the acting forces on a display simultaneously with the active 
force feedbacdc to may hand, then I am stable and reasonably good 
quantitatively. This type of cross modcQ. reference should also be 
considered in creating telepresence capabilities. 
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I!ie sheer ocnplexi'ty of the space station program is jyiimie 
the mind of any academic trained in a single discipline. Certainly, space 
station design requires the viltimate in interdisciplinary teamwork and 
integration of basic and applied programs of research. In this sense, the 
project Hprmanris knowledge and insii^ts not easily produced in an isolated 
discipline, be it engineering, aeronautics or sociology. It is a 
challenging task and one that should cedi forth the best efforts of those 
touched by the allure of extending the boundaries of human knowledge. 


For a sociologist there are a nyriad of research problems vhich ocane 
to mind in even a cursory glance into the window of the future as 
envisioned by those currently planning the space station program. 

Clearly, a wide range of processes and factors must be taken into account 
vhen considering the more social aspects of this enterprise. These 
include technological constraints, environmentad pressures, physiological 
limits, psychological processes' (including cognitive capacities and 


motivational factors) , and the many interfaces between "man" and machine 
required by the intense interdependencies of human and technological 
forces in space. Such intense interdependencies in this extreme are much 
less often observed on earth (with the possible exception of certain 
medical contexts in vhich life is tenuously maintained by sheer 
technological support) . 
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Given this reality, one cannot extrapolate easily from viiat is known 
about society as we experience it on earth and "life aloft." It has even 
been said that hvnnans may become a very different species vdiile in space. 
3 ^j 3 iilarly, social systems vAiich emerge to si^jport and maintain life in 
this context itay deviate e0.ong many dimensions from those social 
structures and processes that are a part of cur daily existence and often 
so "routine” that they are taken for granted. Nothing must be considered 
as "routine” in a novel environment. It must be sadd at the cutset that 
vteit we transport from earth in the way of sociad, piychologicail and 
organizationail adaptive mechanisms (e.g. norms, rules, shared 
e}Q 3 ectations, roles, etc.) may prove much less functionad than we 
envisicxied given a cosnopletely adtered sociad and technologicad 
environment. Because we have virtually no scientific evidence conceming 
the parameters of life after ei^ty-four days in space (that is, there is 
no U.S. experience to rely cai) , one is forced to engage in speculation 
and extrapolation despite the potential pitfalls. 

^ reauling of the documents we have been supplied with concerning the 

space station progr a m in the 1990 ’s and beyond and iry very limited 

exposure to NASA throu^ a two-day syitposium, lead me to severad tentative 

conclusions regarding the most critical sociad contingencies (besides the 

issue of conflict addressed ly Michener) conftxnting NASA as it plans for 

the extended duration existence of groups of individuals in space with 

limited oj^rtuni"^ for replacement or exit. These critical contingencies 

include the sociad and psychologicad management of stress (regardless of 

the nature of the stressors) and determination of the most efficient and 
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socially productive nechanisins for handling interpersonal ccraraunications 
(e.g. within the crew, between crews of different modules, and betwe^ 
the crew and the "ground," including family members and friends) . The 
successful management of both stress and interperscned ocxnmunications is 
critical to individual and group-level performance, productivity and 
ultimately, "mission success." While there are many other issues vAilch 
could be investigated profitably from a sociological perspective, time and 
space limit the scope of this first foray into life as currently 
envisioned on space stations. 

STRESS, INDIVIDUAL PERFORMANCE AND GROUP PRDDUCTIVITy 

Stress has been identified as a contributing factor in the etiology of 
oertcdn acute and chronic illnesses (e.g. ulcers, hi^ blood pressure, 
heart attacks, nervous disturbances, etc. ) . It has been demonstrated to 
have oonseguenoes not only for the heedth status of individuals, but also 
for individual performance, decision-making and productivity. With 
respect to ^ce-related research Foushee (1986) states that an important 
goal is "to understand and minimize the effects of acute and long-duration 
stresses on group functioning." Althou^ there is enormcus literature on 
the effects of stress on individuals, researchers have been slew to 
address the impact of stress on groups. Furthermore, the bulk of the 
existing research examines the physiologic and p^chological consequences 
of stress. There is much less work on the antecedents of stress, in 
particular the stresses created by social factors (Pearlin, 1982) . 

Another limitation to existing research is the tendency for investigators 

especially in experimental work to focus on single. Isolated stressors. 
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nils work is extremely important, but it does not inform us about the 
interactive anVor cumulative effects of multiple stressors. 

Defining and Measuring Stress 

The most ccmmonly cited definition of stress is I£ms Selye's, "the 
nonspecific, that is, common, result of any demand i?xan the body, be the 
effect mental or somatic." In the tradition of research initiated by Selye 
(e.g. 1936, 1956, 1974) this "result" or reaction of the bocfy to stress 

is referred to as the "genered adaptation syndrome" (GAS) or "biologic 
stress syndrome." It consists of an edarm reaction biologically detectable 
in such organs as the adrened glands, thymus, lynph nodes and stomaoh, 
followed by the stage of resistance acconpamed also by marlced physiologic 
responses, then the stage of eidiaustion at vhich point Selye argues the 
acquired second-stage adaptation is lost. 

Other researchers emphasize the significance of the "cognitive 

appraisal" of stressors (see Breznitz and Goldberger, 1982, etc.), noting 

the importance of the "subjective, phencmenologiced experience of stress" 

vhich lies between the stressor and its effects. Seme definitions of 

stress include reference to cognitive appraisal, others, like Selye 's, do 

not. Currently, there is no agreed vpan definition of the term and 

existing differences reflect major unresolved theoretical debates in the 

field. Though they disagree on the significance of cognitive appraisal, 

researchers do agree on the oemmon goal of understanding adaptations to 

stress or the nature of coping mechanisms. Much of the current research 

focuses vpon specifying the nature of these mechanisms. Before discussing 
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ads^jtations however, let us examine the problems associated with the 
measurement of stress. 

Various approaches have been adopted to the problem of measuring 
stress; none of them ccenrpletely satisfactory. One of the most ccmmon 
approaches to measurement, popular over the past two decades because it 
can be applied outside experimental settings, is the "life-events” scale 
(e.g. Holmes and Rahe, 1967) or the modified life-events scale 
(Dohrenwend and Dohrenwend, 1974a, 1974b) . Life-events typically mean 
"objective events that disnpt or threaten to disrupt the indivi(^ial's 
usu 2 d activities” (see Dohrenwend and Dohrenwend, 1974b: 133, 1984). 

Events listed on such scales include both health-related (onset of chronic 
illness, major illness or accident, etc.) and non heedth-related events 
such as divorce, separation, increase in family inccme, retirement, death 
of a spouse, pregnancy or remarriage, etc. (see Thoits, 1981, for a 
cogent critique of the life-events approach) . 

The main debate in this research tradition has been over vhether or 

not only undesirable events contribute to stress or whether events that 

require change either desirable or xrdesirable produce stress. The latter 

has been referred to as the "toted change" approach to meeisuring stress, 

the former, the "indesirability" approach (Thoits, 1981) . Thoits (1981) 

identifies several studies suggesting that only the undesirable changes 

significantly affect stress levels, althou^ she goes on to critique these 

studies as well as many of the total change studies for failing to include 

independent indicators of their independent and dependent variables. Her 

findings also suggest that "vhen health-related events are controlled, 
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other imdesir^le events have small and nonsignificant effects v:^}on 
psychophysiologicad distress” (as measured by reports of psychosonatic 
synptcms using the MacMillan Health Opinion Survey Irdex) . Ihe main 
concl;asic»i she draws relevant to current research is that "previcusly 
well-established correlations between undesirable events and distress may 
have been inflated due to the cperationcd confounding of he 2 dth-related 
items on the independent and dependent variable scales.” A major 
contribution of new research on stress would be to refine existing 
measures of stress and to develop more sensitive and reliable measurement 
techniques. 

Laboratory research eitplcys quite different methodologies than survey 
research, however, as Hblrcyd and Lazarus (1982:26) point cut, "lab 
paradigms in biological science have tended to isolate stress responses 
from the psychological and social context.” Ihou^ measurement problems 
are reduced in this way, little knowledge is gained concerning the 
interplay of physiological, psychological and social mechanisms. Holrcyd 
and Lazarus (1982:30) call for "field research that examines stress in the 
psychosocial context” and more descriptive work on the sources of stress 
"that operate in naturalistic settings.” The ^ace station environment is 
a "natural” laboratory for this type of research. 

Multiple Stressors in Space 

The reality of space station existence includes the potential for 

continual and intermittent esqxjsure to multiple stressors. In this regsund 

it is not at all clear that much of the existing research, except that 
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done in ansQ.dgous envlroninerits, can be extrapolated to apply to the space 
station. Both the nuniber and the magnitude of stressors in the space 
environment is likely to be at the hi^ end of existing scales, and quite 
possibly off the scale. Only research in rare, hi^ stress situations 
vTlll contain insists of direct relevance. 

Sources of potentieil stress in space stations incl;ide sensory 
deprivation, envirormental factors like noise level, crcxuding, spaticil 
arrangements, and invasion of privacy, as well as isolation, confinement, 
and the possibility of life-threatening dangers or crisis situations. 
Nickerson in his chapter for this volvime includes in the category of 
potentied stressors: wei^tlessness, unfamiliar motion, motion 
restriction, sensory and perceptual restriction as well as sleep 
interference and acute medical problems. Work-related factors like 
variety and intensity of assigned tasks, and workload, etc. may edso be 
stressors in the space station environment. Cocper (1983) indicates that 
in many work environments work or job overload is a major stressor. There 
is seme indication that workload intensity and time pressure were factors 
that contributed to the problems experientoed by crew members aboard the 
Skylab 4 Missiesn. According to Holrcyd and Lazarus (1982:24), "the 
individual vho is csonstantly challenged by even relatively innocuous 
cxxupational and sexsial demands and vho is, as a result, repeatedly 
mobilized for struggle may be particularly vulnerable to certain disorders 
(Glass, 1977) ." Given the duraticjn of planned space station missicans, the 
cumulative physiological, psycholcagical and socicil iitpact of intermittent 
and cxantinual eaqxasure to multiple stressors must be investigated. 
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Another significant factor in space stations related to multiple 
stressors is the recognition that the stressors will be produced ky quite 
different types of events and forces. Stressors may be produced both by 
the astronaut's heme environment, to the extent that s/he has information 
about significant events occuring on earth (e.g. in the lives of his/her 
close relatives and friends, etc.), and by life aloft. Within the space 
capsule, factors contributing to stress are environmentally induced 
resulting in both physiological and/or psychological distress as well as 
socially induced, created by factors associated with the interpersonal 
environment, especially the intense interdependence of the crew members. 
Since both physiologlced and psychologiced. factors have been given more 
consideration in the existing literature, I will esehasize the sociad 
forces lUcely to induce stress. 

Identifying Sociadly Produced Stressors 

Outside of the life-events tradition and research focusing vpon 

occi^tional stress (e.g. Cooper and Payne, 1978) , there have been few 

investigations of stress produced by interpersonad factors in smadl grtxp 

settings (Levine and Scotch, 1970) . Potential causes of stress in 

settings requiring Intense interdependence among grtxp members include 

basic persenadity conflicts, incanpatibilites in interpersonad orientation 

and style, an inefficient or inequitable division of labor, a lack of 

perceived legitimacy concerning the adlocatlon of leadership 

ree^onsibilities or authorl'ty, the inequitable adlocaticn of individual or 

collective rewards, lack of a clear definition of role or task 

respcxisibilities, uncertainty regarding the timing, coordination or 
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sequencing of related tasks esfpecially vAien synchronizatian is a critical 
factor, and the arbitrary or inappropriate exercise of authority or 
influence (i.e. violating role prescriptions or norms concerning the use 
of private time) . Mary of these factors have been demonstrated to have 
significant iirpacts v?xan grot?) functioning in non-stressful situations and 
may or may not be exacerbated in situations of hi^ stress. Research on 
mountain-climbing teams indicates that under periods of high stress many 
of these problems become extremely salient and in seme cases result in 
aborted attempts to reach the summit. Interpersonal conflicts appear to 
be a major problem for many expeditions especiedly vhen the goal of 
reaching the summit is hi^Hy vedued by all and vhere there is a great 
deal of uncertain^ about achieving the goed. Connors (1985:147) also 
notes that in simulation research, "members of isolated and confined 
groups vho were inccnpatlble shewed increased stress, withdrawal, and 
territoried behavior." 


Many of these potentied stressors have not been examined in the 
context of groi:p functioning primarily because the predominant model in 
this area of inquiry has been one of individuad functicriing. I will 
comment more ipon the limitations of such a perspective in a subsequent 
sectioi of the paper. 


Monitoring Stress 

Related to the problem of measuring stress and identi^ing the 

antecedents of stress is the problem of monitoring st3:ess. unobtrusive 

mechanisms for monitoring stress at both the individued (physiologic and 
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psychological) level and the groi^} level need development, given the 
potential deleterious consequences of hi^ levels of stress for individual 
and group functioning. An iitportant byproduct of such monitoring is that 
it will give us soone insist into the interactive and cumulative impact of 
various stressors. Furthermore, it will enable 1 : 1 s to address issues still 
under debate regarding the extent to vhich the effects are linear, 
curvilinear, or approximate a step-function (or threshold function) . It 
may also be the case that the effects of certain stressors are 
compensatory given that not all the effects are potentied.ly negative. Ihe 
positive impact of stress has been given little attention in the 
literature. 

Personal Characteristics, Crew Ccnposition and Stress 

As several authors have suggested, the "ri^t stuff may be the ’•wrong 

stuff" vhen it comes to the selection of carew members vho will not only 

have the necessary techniced and professional skills, hut will also have 

the psychological and social competencies required for the creation of 

effective interpersoial relations and relatively smooth grotp functioning 

on space station "missions." According to Biersner and Hogan (1984:495), 

veterans believe that "socieiL compatibility is as important as technical 

skills for overall Antarctic adjustment" to isolation. Sociad competence 

will become even more critical as a basis for selection and training in 

the future as NASA envisions shorter training periods for some astronavits 

(e.g. teacher and oongressmemibers in space programs) . Ihe potential for 

commercial joint ventures with NASA not only increases crew heterogeneity, 

but also means that some space station members in the U.S. module will in 
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all likelihood not have the benefit of intense NASA training (and 
selection) . 

Intriguing research by Helmreich and his colleagues (e.g. Helmrelch 
et al. , 1980) on this basic topic suggests that at least one 
characteristic typically associated with the "ri^t stuff” constellation 
of traits, interpersonal ccmpetitiveness, may be (^functional for 
prociucing smocTth grot?) functioning (depending i^xin the mix of personnel and 
their trsdts in any parti(3ular crew. As Connors (1985:155) notes, 
Helmreich et al. (1980) "hypothesize that the cxxnbined interests of task 
acxxmiplishment and scxsied compatibility will be best served if crew 
members show a strong work and mastery orientation, tut relatively little 
cxnpetitiveness . " 


Decision-Making Under Stress 

Research of particular interest to NASA is the research on the 
relationship between stress and decision-making vhich indica.tes that the 
e}^)erienc» of stress generally interferes with psychological processes 
related to effective (iecisicsn-making. Janis (1982) , for example, reports 
the following reac±ions associated with stress during decision-making: 

(1) narrowing of attention ^an and range of perceived alternatives, 

(2) reduction in problem-solving capabilities, 

(3) oversi^t of l(ang-term cxnsecjuenoes, 

(4) inefficiency in information search, 

(5) premature closure, and 


C-3> 
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(6) vd-th' intense fear, there is also temporary loss of perceptual 
acuity and perceptual-^notor coordination (Duffy, 1962) . 


Evidence further suggests that accelerating time pressure increaises 
fhe probability of these reactions, althou^ clearly more research is 
needed on the temporal aspects of stress reacticsis as well as situation 
i^iecific/individual difference interaction effects. (Individuals in 
certain situations are likely to respond differently both to stress and to 
the demands of the decision-making task.) 

Janis (1982) also specifies five basic patterns of decision-maJdng 
under stress. Ihe first four patterns in the list r^xresent "defective" 
patterns of response, the fifth is the term Janis uses for the most 
adaptive response pattern. Observed patterns of response under stress 


include: 


(1) 

unconflicted inertia 

(2) 

inconflicted change 

(3) 

defensive avoidance 

(4) 

hypervigilance, and 

(5) 

vigilance. 


Of the four defective response patterns, hypervigilance is found to be 

the dondnant reaction under conditions of hi^ stress or near-panic. As 

Janis (1982:77) notes, "Excessive edertness to all signs of potential 

threat results in diffusicai of attention. . .one of the main sources of 

cognitive inefficiency vdienever someone becomes hypervigilant, and it 
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probably accounts fra: saone of the failures to meet the criteria for 
effective decisian-naking. " Results also suggest that other prdslems 
emerge in hi^ stress situations. "Along with cognitive constriction 
there is a marked tendency toward stereotyped thinking in terms of 
oversinplified categories and reliance on oversinplified decision rules" 
(Janis, 1982:78) . Two conditions appear to enhance the probability of 
hypervigilance occuring in stressful situations: unconflicted inertia (or 

the failure to react to early warnings) and defensive avoida nc e (e.g. 
procrastination) . Additioned factors identified by Janis as associated 
with the antecedents of hypervigilance are the lacik of contact with family 
members or other sipport persons, lack of perceived control and lack of 
preparatory information about potentied stressful events. 

The prevention of "defective" patterns of response in threatening 
situations has focused in recent years xipon several strategies incl\oding 
"benign preepposure to the threatening situation, stress inoculation via 
preparatory ccraraunicaticns" and various types of relaxation techniques 
designed to mitigate physiologic reactions (Janis, 1982:82; see also, 

Janis et ^d. , 1982) . Research on these techniques and the extent to vhich 
they are successful under e^cific circumstances continues. Extrapolation 
to situations likely to be encountered in space stations must be done 
carefully. Some techniques may be effective for single stressors, but 
less effective in the face of multiple stressors. Again, further research 
is needed. Cert 2 dnly, however, this research gives us some clues as to 
problems associated with decision-making in hi^dy stressful contexts. 
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A Ccinment' csn the Limits of Mediccil and P^chological Models of 


Stress: The vmderlying framework a researcher adopts to the analysis of a 

problem often circumscribes both the nature of scientific inquiry as well 
as conceptions of potential solutions. Thus it is not surprising that 
medical research on stress tends to examine primarily physiologic response 
patterns and the impact of drugs on the functioning of the individual 
urdergoing stress. Psychologists similarly focus on cognitive and 
emotioned, factors, examining individual differences associated with 
cognitive appraiseLLs of stress and reactions. The solutions they consider 
include biofeedback, stress "inoculation'', and various types of individual 
training and therapeutic techniques. All of this research is necessary 
since the problem entails both physiologic and psychological dimensions. 
What is missing, however, from much of the current work is the 
investigation of the system properties of stress and examination of 
solutions to the problems created by multiple stressors at the groip or 
collective level (eilso sometimes called the system level) . Inquiry of 
this type would examine the interpersonal dynamics related to stress 
responses and adaptive strategies rather than treating the problem purely 
frctn an intraindividual perspective. Adoption of an interpersonad. or 
system level perspective would lead to quite different conceptions of 
adaptive mechanisms. In Ocminors (1985:146) words, "Given that future 
missions will require increeised levels of cooperative functioning, 
selection and training procedures must not only yield effective 
individuals, th^ must yield effective groi;ps." 

The dominant characteristic of space station missions in the near 

future involving 6-8 crew members marooned in space for approximately 
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ninety day intervals of the hic^ degree of interdependence among the groc^ 
members (and possibly between groips in different modules at some point) . 
Stressors vMch significantly impact any single group member will, of 
necessity, influence grotp functioning — even if it simply entails the 
reassignment of duties or tasks for brief periods of time or temporary 
isolation of a groip member. In addition, grtxp members may be impacted 
similarly by stressors and thus collective soluticais should be ejplored. 
Strategies mi^t be develcped, treating the grtxp as a social system (as 
Midhener does) of interdependent parts and grcxp members mi^t be trained 
in specific response patterns throu^ a division of labor. For example, 
roles could be assigned such that each attends to a specific problem 
associated with inefficient decision-making xaider hi^ stress. One crew 
member mi^t be assigned the task of vigilance with respect to only 
alternatives, another to long-term ccmisequences, etc. and coordination 
mi^t be achieved either by an assigned groip leader or seme sort of 
oenputerized decision-aide. 

(jonputer-aided systems could be developed vhiCh help to meliorate 

common deficiences observed in cognitive processing during peak periods of 

stress. Coping strategies of this type cure more like Janis' suggestion 

that an appointed "devil's advocate" be used to mitigate the negative 

conseguenoes of "groepthink. " They have the possible advantage that 

"failure" is not localized in a single individual (typically, the 

"leader") vho must assume full responsibility for grotp decisions in 

"crisis" or intensely stressful situations. Furthermore, a clear division 

of labor also reduces the workload on ary single individual under 

stress. Ihe work on distributed decision-making by FisChhoff and others may 
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well provide models for this type of coping mechanism. Pelevant work on 
ccaiputer-aided decisian-making should also be e^q^lored. 

Mediators of Stress and Adaptation 

In the words of Ifolrcyd and Lazarus (1982:25 ) , "It has been 
increasingly acknowledged that health outcomes are a product of effective 
coping rather than siitply a consequence of the presence or absence of 
stress." Identifying factors that result in effective coping is an 
inportant research agenda item, however current investigations focus more 
on drug therapy, biofeedback and "cognitive-behavioral" interventicais to 
modify responses to stress and facilitate coping. Ihe social and 
organizatioml management of stress, as noted above, has not been 
examined. Psychologicad approaches take us one step b^ond 
physiologically focused management strategies, but even they have not been 
eveduated extensively. 

Coping mechanisms and adaptation responses form one axis of current 

research, the second axis is extensive work on factors that "mediate" the 

stress response. Such factors include individual differences vhich relate 

rx3t cnly to susceptibility, but edso to cognitive appraisal and effective 

coping. Variables enoorporated into these Investigations are ethnicity, 

age, gender, occupation, income, level of education, marital status, 

health status and access to socied svpport (i.e. personal rescurces and 

network supplied rescurces) , among others. Access to social support, for 

example, has been demonstrated to mitigate some of the effects of 

stressful events (e.g. Caplan and Killilea, 1976) . Much of this work is 

useful for general medical and scientific purposes, but caution must be 
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exercised vdim attenpting to generalize these findings to astronauts and 
the space station environment. The range of variation on sane of these 
variables is quite restricted in the astronaut population, althou^ 
increasing heterogeneity mist be assumed cilong many of these dimensions 
(l.e. gender, age and ethnicity) in the future. 

Research linking gender to stress, for exanple, indicates in a variety 
of studies that wonen are more susceptible to stress (e.g. Kessler and 
McRae, 1981) ; given certain levels of stress they report hi^ier levels of 
distress as reflected typically in synptonatology (primarily 
self-reports) . Research discussed by Kessler and McLeod (1984) documents 
that vonen tend to be more affected by undesirable life events than men 
even thou^ th^ do not report significantly more such events. Kessler 
and McLeod (1984) present findings that indicate that women are more 
vulnerable to "network” events, events that happen to significant others 
in their networks, than men, and it is this difference that accounts at 
least in part for previously observed sex differences in responses to 
stress. Thus, they argue that wcraen are not "pervasively more vulnerable 
than men to stress," but vulnerable specifically to stress linked to the 
iirportant people in their lives as a result of their "greater emotional 
involvement in the lives of those around them." Belle (1983) refers to 
this fact as the "stress of caring". 

Ihere are many unanswered questions concerning the link between gender 

and stress. Ihe extent to vhich fenale astronauts are more vulnerable to 

stress than m 2 de astronauts is an open question. Few of the existing 

studies include in their samples wcnten in such hi^ stress occipations and 
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It nay well be that wcnen vrlth hl^ capacities for coping with stress 
self-select into these occupations (e.g. as is likely the ceise for women 
mountadn clinbers) . It should also be noted that many of these studies 
reporting sex-related stress differences are based on sairple data obtai n ed 
in the 1950's, 1960's and early 1970's; little evidence exists beised on 
more recent data including sanples of wcsnen in more varied occx^tional 
contexts and roles. 

Bipact on Productivity: Individual and Qxxp-Level Effects 

Ihe link between stress and productivity has been demonstrated to be 

sonie»Aiat ccnplex. Handler (1982:94) argues that "the problem of stress is 

twofold; both the initial autoncndc signeds and the conditions that 

generate these signals require sente conscious capacity. ..and therefore 

interfere with the performance of targeted tasks." What is not clear is 

specificadly hew and under vhat conditions performance is iirpaired. In 

fact, as Handler (1982:96) indicates, like noise, stress reduces 

"attentionad capacity and narrows it to central tasks," thus if the target 

task is centrad, "then autenemous arousad may iitprove performance." Ihis 

depends upon both the centrality of the target task and specific 

characteristics of the task, or task sequence vhich requires performance. 

Early research on this topic seemed to suggest that there is a curvilinear 

relatiraiship between arousad and performance such that performance is 

enhanced by moderate levels of arousad, but unpadred significantly at both 

very lew and very hi^ levels of arcusad. The generality of this effect 

is still under d^xite. Handler (1982:95) concludes that "understanding 

the relation between efficiency and stress requires an anadysis of 
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specific stressors, an approach to arousal that assigns it definable 
properties..., and knowledge about the regiiirements of the task." 

Pesearch by Baddeley (1972) and others indicates that stress associated 
with dangerous environments "effects performance throu^ its influence on 
the subject's breadth of attention. . .but we still do not know vhat 
mechanisms mediate the effect of aroused" on attention span or even vhat 
is entailed in the adaptation to fear. 

Evidence suggests that problem-solving abilities are affected by 
stress in much the way Janis indicates that decision-making is impacted. 

In particular, "if much of problem-solving involves the manipulation in 
consciousness of edtematives, choices, probable and possible cutcomes and 
consequences, and alternative goals," then stress interferes with 
efficient problem-solving. Few eiltematives are actually considered and 
the thou^t process is guided more by habltuaticxi and stereotyping than by 
the conscious wei^iing of alternative strategies. Vhat is needed, he 
argues, is "fine-grained" analyses of these processes. "Preoccipation 
with the unstressed mind has restricted esqperimental work on these 
problems" (Mandler 1982 : 101) . A related shortcxxning is the fedlure to 
considerthe social context of problem-solving bdiavior. The bulk of the 
research deals with individu 2 d tasks, not collective or hi^ily 
interdependent tasks. 

A Pesearch Agenda: SystemrLevel Pesponses to Stress 

In the previous era vhen hi^ily trained mede pilots were selected as 

astronauts on the basis of physical stamina, hi^ tolerance for stress, 
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psychological stability and technical ccnpetence for space missions 
involving relatively short-term e}g)osure to multiple stressors in 
dangercus environments, less attention was paid to research on stress. In 
fact, Mandler (1967) noted in his early studies of hi^ily trained 
astranavrts a lack of anticipated stress responses; these men had been 
"trained to have available response sequences, plans and problem-solving 
strategies for all imaginable emergencies" thus emergencies were 
transformed into "routine situations" and therefore not e}<perienced as 
stressful. At this stage in the space program endurance was the primary 
focus of both selection and training. Even space capsule design decisions 
were not frequently made in order to minimize environmentally induced 
stress or to increase "habitability" (Clearwater, 1985) . 

Ihe future holds forth a different scenario. First, astronaut 

selection procedures have changed to include non-vhite males and 

scientific personnel as well as pilots. Ihere is greater diversity among 

potentieLL astronauts in occi^ational training, gender, age, ethnicity, and 

personality traits. Given this heterogeneity and the increased catplexity 

and duration of space station missions, enphasis must new be placed (as 

Helmreich, 1983; Foushee, 1984; and other social scientists have argued) 

on the selection and training of hi^ily oonpatible crews especicdly as 

grexp size Increases to ei^t or more in relatively small modules. In 

addition, only recently has habitability beceme an integrated aspect of 

the space station design process. Alterations in selection processes to 

maximize crew carpatlbility and design decisions to improve habitability 

are essentied ingredients. But as Danford et eil. (1983) note in their 

chapter, "Humane Space Stations", social and organizational factors must 
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also be cxsnsldered. Tvo specific factx>rs have been isolated for 
consideratian in this paper: (1) the social management of stress and 
develcpoent of interpersonal coping mechanisms, and (2) the socieilly 
efficient and productive management of interpersonal coranunications. 

Develcpment of a ^lecific research proposal is beyond the scope of 
this chapter, however, resecurch reccinmendatians to NASA would include 
examination of existing data on crew interactions especiadly vmder 
stressful conditions to isolate effective Interpersonal strategies for 
coping with stress and to identify particular interaction sequences vhich 
either exacerbated or mitigated stress responses. These data should be 
examined in relation to individual performance, grcxp performance and 
interpersonal climate. Variation in interpersoned strategies by type and 
duration of stressors shcaild also be investigated. In the early stages of 
the mis sion stressors may be predaninantly physiologicad (e.g. resulting 
from space adaptation sioikness or initial bodily responses to 
micro-gravity, etc. ) , however, as duration of the mission progresses 
psychological and social stressors may become more proncunced (i.e. 
intensification of the sense of isolation and confinement, monotony of the 
physical environment, and increased sensitivity to interpersoncd 
inocnpatibilities, etc. ) . The most prcndsing data scuroes for such 
analyses are lilcely to be tapes from the Skylab Missions given that they 
provide sene insist into flints of analogous duration to planned space 
station missions. 

Another useful focus of research would be investigation of groi?) 

decision-making under stress. Existing data could be mined for insists 
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into the Inpact of stress on predicted cognitive and behavioral responses 
(e.g. the possible occurrence of hypervigilance ) , in decision-making 
situations of varying types. A s^»rate research strategy would be to 
simulate grcxp decisicsi-making under stressful circumstances. One model 
for this type of research is the work by Foushee and his colleagues (e.g. 
Foushee and Helmreich, forthccsning) on crew performance under stress in 
aircraft fli^t simulations. Again, the aim would be to identify 
successful interpersoncil strategies for ccping with critical deficiencies 
resulting from stress. One potentied byproduct of this research would be 
identification of the characteristics of ccmputer decision-Eddes vhioh 
would facilitate group functicning under conditions of hi^ task 
lnterd^)endence and hi^ stress. Informatlc»i-seeking bdiavior, for 
exanple, could be isolated and analyzed for inefficiencies vhich could be 
meliorated by the proper use of eiipert systems or oonputerized search 
procedures. As Nickerson concludes in his chapter, "Stress is likely to 
be an important factor in the Space Station. . .Exactly how these factors, 
especially in oanbination, will affect performance and productivity is not 
kncwn." 


mediated OCMMUNICAnCN AND CREW ERODUCTIVITY 

In a 1983 NASA-ASEE fin 2 d r^rt entitled "Autoroty and the Human 

Element," the authors state that the "general transmission and processing 

of informaticn lies at the heart of almost every aspect of space station 

activity." Over the past decade information processing and communications 

have engaged more and more of the design capabilities of NASA both in 

terms of hardware and software developnent efforts. Rapid advances in 
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technology nalce this aspect of space station design especially volatile 
and vulnerable to obsolesence. While cost understandably plays a major 
role in design decisions, other factors affecting crew morale and 
productivity must be taJcen into account, ctranunication modality is also a 
criticed factor in the coordination of activities aboard the space 
station. An intensive examination of the benefits and disadvantages of 
different modes of ocramunication for within crew interactions, as well as 
for interactions between crew members and "ground" or mission control 
personnel, and for crew Interactions with significant others is required, 
fforede, efficiency, productivity, the potentied for conflict, the exercise 
of authority and control, and, xdtimately, mission "success" are all 
eiffected by ccmtnunication modedity, access to information, and the 
structure of the ocnomunication channels. 

Conpiter-Mediated Ccemnunication as Primary ^Sodality 

As Connors et al. (1985) put it "mediated ccanmunication systems must 

be developed to meet the needs of the crew throu^icut an extended 

mission. " Such ccnmunication systems are not only vital to the ongoing 

mission of the space station, but may edso be critical in maintaining 

socied contact between station crew and ground personnel and thus 

contribute to the reduction in stress created by the sense of isolation 

and confinement. Maintenance of good communication links between the 

ground stad!f (e.g. "mission control" and other base operations) and the 

members of the space station crew are essential to the smooth functioning 

of the space station. Currently, one of the primary nodalities for 

communication processes is ccnputer-mediated interaction (Simes and 
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Sirsl<y, 1985)'. This secticai of the chapter incl\Jdes a brief review of 
sente of the relevant research on the inpact of ocnputer mediation on greup 
interaction and decision-making. Other modalities for mediated 
ccniraunication are mentioned; however, cost factors necessitate heavy 
reliance i?x5n cenputer-mediation. 

Studies of the Effects of Cenputer-mediated Interaction 

Siegel et al. (1986 ) , in experimental studies contrasting the effects 
of face-to-face versus ccoiputer-mediated conmiunication, find that with 
certain types of grocp probleta-solving tasks there are marked differences 
between oaramunication modes. Three types of oorarauiiication modes were 
examined in the studies they report: face-to-face, simultaneous 
cenputer-mediated discussion and ccarputer mail. While the results are not 
definitive, th^ suggest that communication mode affected the speed 
required to reach a groip decision, the equality of participation rates of 
grexp members, communication rates, nature of the interpersonal 
ocsnmunications, as well as the degree to vhich the groip's decision 
deviated from individual's initial choices. The results indicate that 
there are certain advantages and disadvantages to corrputer-mediated 
communication systems vhich are relevant to plans for space station 
communications, althcu^ more systematic research is required. 

Specific results of interest Include the fact that cenputer-mediated 

simultaneous communication appeared to retard grexp decisicxi-making vhen 

contrasted with face-to-face communication. In addition, this mode of 

communication fostered greater equality in participation rates among gnxp 
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nenibers, Increased the number of inflammatory or "uninhibited" resnnarks and 
resulted in group decisions v^ch deviated to a greater extent frcm 
initial individued choices than was the case vhen (xoanmunication was 
face-to-face. (It should be noted that the subjects vho participated in 
these groups had no prior association with one another.) Findings from 
the condition in vhich subjects coniinunicated by conpiter mail were similar 
in most respects to the conpiter-mediated "conference" mode. 

Implicaticais for Space Station Ocsnmunicaticai Systems 

The implications of the findings of Siegel et al. (1986) for 
decision-making and group problem solving aboard the space station are 
intriguing, thou^ speculative. First, it would appear that oojtplex 
problemr-solving tasks, especially vhen time to solution is critical, are 
facilitated most by face-to-face coamnunications even thcu^ this modcdity 
increases inequality in participation rates. The role of video 
connections in approximating face-to-face ocmnunication vhere physical 
copresence is not possible (as between crew members and family members or 
between crew members and mission control) has yet to be fully 
investigated. Limited research suggests that video contact (vhich is 
available to both parties) reduces perceived "social distance," but the 
role of perceived social distance in ccnplex grcxp problem-solving is not 
clear. Research varying both the ocnplexity of the task and the degree to 
vhich face-to-face contact is mediated is needed. 

Results conceming the effects of camtnunication mode on participation 

rates also requires further investigation in relation to task ocnplexity 
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and degree of task interdependence. Ihe greater equadity in participation 

rates fostered by ocnpiteiMnediation may be functicml for tasks requiring 

creative solutions (or during the 'Ijrainstorming'' phase of grctp 

problem-solving) vdien maximization of input is essential. 

Ocmpxiter-mediation may also mitigate to some extent the effects of status 

differences on particip>atian rates (a well-established finding in the 

small grocp)s literature, see Bales work on the link between status and 

power and prestige orders and particip>ation rates) . Ihcu^ the finding 

conoeming the iitp)act of oonputermediation on participation rates and its 

implications for the reduced effect of status differences is speculative, 

it certadnly requires further investigation. Studies in vMch clear 

status differences exist amcaig groip) members need to be conducted in 

oonpxiterized settings. OcmpwteiMraediation may facilitate the "toward 

flow" of negative information or information that challenges the positions 

of those in hi^ status roles in the grxxp. This effect is important 

since under time pressure or in stressful situations information is often 

critical to effective decision-making. Experimental research and 

simulation studies could be conducted on this topic. It appears that 

cxmpxiter-inediatian may mitigate the inhibiting effects of face-to-face 

ccnnnunicatian vhen "subordinates” have access to critical information and 

nay need to chedlenge authority or the group's dominant decision strategy 

(see Fcushee, 1982, 1984, etc.). Oonnors (1985:174), for example, cites 

research indicating that "correctable pilot errors have gone xncorrected 

because of unquestioning attitudes, a lack of assertiveness, or deficient 

coraratniication skills." Another intriguing result cited by Oonnors 

(1985:197) was obtained by Chanpness (1971) indicating that people are 

more likely to change their established positions on issues and reach a 
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cxxnpxinise with other groip members vdien oammunication is not mediated. 
This may have important inoplications for both the process and cutccme of 
groip decision-making aboard the space station. 

Alterations in the norms surrounding ccEnmunicaticn content under 
varying cominunicatian modes also need further investigation. The 
normative restradnts of face-to-face interaction on ccanraunication content 
are lessened in the more anonymous condition in vihich ccatputers mediate 
interaction. As Siegel et al. (1986) note, conputer^mediated 
communications included more inflammatory remarks. If this finding is 
observed in grotps vSiioh have a history of interaction, then 
computer-mediation could foster interpersonal conflict and mechanisms to 
meliorate this possibility would have to be developed. A related concern 
is the protection of privaoy in ocanmunications meant for family and 
friends, especiad.ly communications hi^ in socio-emotional content. All 
forms of mediated oammunication raise issues of access as well as privacy 
vhich need careful examination in relation to individual morade, group 
ochesiveness and other dimensions related to the interpersoncil environment 
within the space station. Connors (1985:197) cites studies indicating 
that mediated cxxnnunication oontadns "reduced socio-emotional content," 
and thus is less effective for certain '^pes of tasks such as negotiation 
or getting aoguadnted in contrast to tasks vhich rec^iire "the giving and 
receiving of information, asking questions, or exchanging opinions." 
Research on spac^e station communications and the impact of 
cx3tpute3>mediation on the performance of different types of tasks, as well 
as the nature of the interpersoncil c^mamics within the crew and between 
crew and ground is needed. 
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Individual and Grcxp Level Bopac±s of Caipiter*4Iedlated 
Caxonunicatlon Networks 

Kerr and Hiltz (1982) discuss the potentiad inpacts of 
(xmputeiMaediated ocoiimuiiications on individuals and groi^ focusing on 
cognitive, aiffective and behavioral dimensions. Ihey are concerned with 
broad effects at the organizational and societal levels, many of vAiich go 
far b^oid the scope and size of the space station. Sane of the 
hypothesized effects have been verified in research discussed above by 
Kiesler and her colleagues (Siegel et ad., 1986), but many of the topics 
radsed by Kerr and Hiltz have not been subjected to systematic research. 
Furthermore, much of the evidence they cite is anecdotal, based on the 
experiences of those in positions to evaluate existing oomputer^mediated 
oanmunication networks. Ihou^ ocaiputer-mediated communication networks 
of various sizes have existed for at least a decade, research examining 
the effects on specific variables related to group functioning and 
orgardzational effectiveness is fadrly recent. 

With respect to individual performance, Kerr and Hiltz (1982) discuss 

such issues as information overload, new skill requirements and 

irprovements, expansion of learning opportunities, etc. as potential 

cognitive impacts of oonputer-mediated communication systems. 

Hypothesized affective impacts include: enhancement of the candor of 

opinions, potential "addictiai” and heavy usage, increased network size 

and possible sources of social support (from kin, friends, and 

professionals) , the ability to maintain ^iendships de^ite lack of 
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geographical prcsdjnl'ty, etc. Negative potential consequences discussed 
iDcliide increased isolation from non-inediated ocngnunicatian relations, ne«/ 
sources of stress related to changes in existing patterns of work and 
cc mm u n ication as well as alterations in social networks, and the 
frustration created fcy the lack of iitonediate feedback, etc. Hiltz (1979) , 
however, notes that in some cases, "The desire to have truly synchronous 
conferences seems to alnost totally disappear as experience is gained on 
the system." 

Of the individual-level behavioral inopacts discussed, several are of 
primary interest. First, it is clear that cognoputer-'medlated networking 
increases connectedness among individuals thus expanding the scope and 
range of social relation^ps. According to Kerr and Hiltz (1982:114) , 
corrpjter-mediated cammunlcation systems lead to "increased collegial 
contacts, an increase in the nuniber of contacts that can be maintained, 
and create the opport u nity for regular connections with many people." 
Expansion of the actual or perceived social network throu^ 
computer-mediated ccnniunicatian systems may help mitigate the sense of 
isolation experienced by ^xace station inhabitants. Pesults indicate that 
a major strength of such systems is the ability to "keep in touch with 
others" (see Kerr and Hiltz, 1982:114, Vallee et al., 1978:111-115). In 
addition, such systems seem to alter the centrality of individuals by 
allowing those geographically (or for other reasons) on the periphery to 
reg 2 dn a sense of oentrality throu^ increased communication contact. 

Grc^p-level impacts are especiedly relevant to space station design. 

Kiesler's work addresses sane of the issues related to group 
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declsian-nakihg cxsntrasting cxxrpiter-iDediated cxanniunicaticin with 
face-to-face grcx$)s. Hcwever, Kerr and Hiltz (1982:121-122) identify a 
wide range of other group and organizational level inpacts, scatie of vMch 
correspond to Kiesler's concerns. Ihe groip-level hypothesized cognitive 
inpacts include: (1) the creaticm of "on-line" grocps or "canmunities of 
interest", (2) inproved group decisions, and (3) an increase in 
"knowledge-based authority," etc. With respect to group decisions, the 
findings cited are mixed. On the positive side results suggest that the 
capabilities of data base searches, increased access to information and 
access to decision-aides enhance group problem-solving and 
decision-making. As Turoff and Hiltz (1980:123) indicate "the ccraputer 
can aid in gathering subjective estimates within a grcxp" and facilitate 
the resolution of disagreements. 

While Kerr and Hiltz (1982) indicate some enpirical support for "at 
lecist the same guali'ty of solution" v^ien cottparing conpuiter-mediated to 
face-to-face groups (Turoff, 1980; Hiltz et al. 1981) ; Kiesler et al. 
(1984) and Siegel et cil. (1986) r^»rt a decrement at least with respect 
to time to solution for the oceaputer-mediated groups. Others, Kerr and 
Hiltz (1982) note, (see Johansen et ed., 1979) argue that more conflict 
may result from the increased access to alternative views and that a 
"false sense of group consensus" may arise (Kerr and Hiltz, 1982:125) . 

On group problem-solving Kerr and Hiltz (1982:124) cite the work of 

Lipinski et al. (1980:158-159) vdiich suggests that vhen considering, the 

"ta^-focused ccanmunications required groups involved in joint problem 

solving, oc«rputei>-based coramunicaticai systems are appropriate in the 

664 • 



structuring, evaluating, and docunerrting phases of problem solving, since 
time delays are acceptable, voritten responses are appropriate, and 
face-to-face contact is not essential." However, they go on to state that 
the "irplementing, searching, and conceptualizing stages of problem 
solving are less amenable to this technology." More research is needed 
ccaicezning the phases of problem solving and the effects of ccoorpiter 
mediation. 

Ihe following list includes sene of the hypothesized behavioral 
iirpacts on groups identified ty Kerr and Hiltz (1982:132-133) . Many have 
not been sufficiently investigated to provide definitive evidence. 

(Adapted fron Kerr and Hiltz:) 

1. Conputerized ccnmunication increases cross-group ccgaamunication. 

2. It increases lateral network linkages among organizations. 

3. It increases lateral network linkages within organizations. 

4. Conputerized o cm munication may change socied structures from 
pyramid or hierarchical to network-shaped. 

5. It changes the oentiality of nanbers within grojps. 

6. It increases the possible span of control. 

7. It can increase the effective limits on the size of working 
groups. 

8. It increases the density of social networks, increasing 
connectedness. 

9. It increases opportunities for decentralized ccmmunication. 

10. Cenpurterized ccnonunication nay increase Informal ccnniunications. 


11. It changes vho talks to vhan. 
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Gtck;^ tfOoe longer to reach agreement and consensus is less 
IdJcely. 

13. Ocnputerlzed o c can u nlcatlon sanetimes makes It difficult to focus 
discussions. 

n. Regularly of individual participaticai is sometimes difficult to 
enforce. 

15. There is greater equally of participaticai than in oonvaitional 
media. 


Ocnimunication Network Structure, Centrality and Power 

Prior research on communication networ}cs in the social sciences 
provided evidence that the ^>ecific configuration or structure of the 
network affected the efficiency of problem solving grcx^. But more 
recent research tends to indicate that these results may not be valid for 
mediated ccmmunication systems. Subjects in various four-person netvrork 
structures, given telephone contact capabilities, were able to ocme to 
consensus on grocp) decision prdolems without much variatloi in degree of 
consensus or time to achieve consensus across structures (see FriecQcin and 
Cook, 1987) . Results frcm the ocmputer-mediated version of this 
esqseriment are not yet ocnplete. 

Centrality has been linked to power in various studies of 

ocnnnunicaticn and in networks in vhich rescuroes other than information 

are exchanged (see Freeman, 1979; Cook et ed., 1983). In 

oonputer-mediated ooraraunication networks centrality is linked to access to 

informaticai and ccaitrol over the flow of information. To the extent that 
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ooBPputer-mBdiatian alters these parameters decentralization of power may 
occur. Pesearch is needed vMch examines the relationship between the 
structure of the ccanraunication network and control over information 
channels. Certadnly as Kerr and Hiltz (1982:150) indicate "opportunities 
for decentralized canraunication are increased" in conpiter-mediated 
networks, "because it is easier to keep all those concerned with issues 
informed and 15 ) to date." Thus the efficient flew of information is 
enhariced. But efficient decision-making in groups in vhich ccramunication 
is oemputerMnediated may require structured access to information rather 
than open access during the final stages of decision-making. Levels of 
access to informaticMi rather than the availability of ccanraunication 
channels becomes the oriticcil determinant of positional centrality and 
thus power in this circumstance. Further research on these topics is 
n eeded. 


CJomraunicaticn Networks, Authorii^ and Control 

Kerr and Hiltz (1982:125), anoig others, predict that computerized 
ccanraunication increases the "appreciation of knowledge-based rather than 
hierarchical authority." If this result is general, it will be irportant 
to stuc^ the conditions under vhich ccaif lict can arise between 
knowledge-based and hierarchiceLL authority structures. Efficient grocp 
functioning and problem solving is liJcely to be enhanced v^ien there is 
mi nimal conflict between these sources of authority. Furthermore, 
hierarchical authority and ccatimand systems must be designed in such a way 
that inforroaticn flew is not ti^tly hierarchically structured. 
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As noted edxrve, in particular, in systems involving hi^ily trained 
professioneds the v^iward flov/ of critical infomaticn must not be 
circumvented by bureaucratic procedures or restricted comraunication 
channels. MaxiMzation of groi?> productivity and problem solving 
efficiency is liJcely to occur under conditions of open access to 
ocsranunication channels rather than strict hierarchical access under 
conditions of ccnplex tasks, high uncertainty and a hi^ily 
professioralized staff. Specific research on optimum alternative 
authori'ty structures under varying comraunication network structures and 
task conditions is required. 

With respect to authority amd control in systems using 
ccnputer-inediated ocennmunication networks, two additional impacts cited by 
Kerr and Hiltz (1982:150-151) are relevant. Th^ argue (p. 150) that 
"greater delegation of authority is possible with the capacity for 
accountability and reviewing decisions in a timely and orderly manner." 
Second, they argue (p. 151) that it "increases the possible span of 
control" and "edlows more centralized control over geographically 
dispersed vmits.*" Ocmputerized decision-aides have the potentied. to alter 
both accountability and review procedures, but the specific extent and 
optimum role of these systems in human decision-making has yet to be 
determined. 


Extension of the span of control and the degree of centralized control 

over vnits dispersed in space may become more iirportant considerations 

during the post-IOC jhase of the space station program. Seme of these 
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issues aa they relate to the potential for intergroi^) conflict have been 
addressed by Michener in his chapter in this volxsne. 

Ihe Hipact of Canpater-Mediated Interaction: Research Needs 

Research on the iirpacts of ccsafipiter-inediated interaction on individual 
and groip-level functioning is relatively new. There are major 
limitations to existing knowledge in this area; results are more often 
based on aneodoteLL reports than systematic research or are derived frcm 
very limited observations over limited time spans in situations in vhich 
there is little control over the relevant variables. A major research 
program is required. Of particular importance in the design of space 
station configurations and ooBonmunication systems is research on the links 
between information access channels and the exercise of authority and 
control. Various factors make the space station unique: the hi^ degree 
of professionalization of the staff, the ccsnplexity of the tasks involved, 
the hi^ degree of interdependence and uncertainty surrounding many of the 
tasks to be acconplished, the enormous information requirements, the 
difficully and ccnplexity of continual cai-line monitoring, the spatial 
separaticn of the ground-based crew and command personnel from the space 
crew, and the potential existence of multiple authoriliy structures. 

Existing research is focused on earth based ccnmunication networks 

primarily among colleagues or remote members of interest grcxps vhere the 

exercise of authority is rarely an issue. Information exchange is 

frequently the primary or sole goal of the interaction. Thus 

extrapolaticai frcm the results of studies on these networks must be 
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treated as hi^ily speculative. New research must be designed around the 
specific problems and parameters facing crews in ^>ace. Si m u l ations cculd 
be designed vMch would mirror seme of the most critical circumsta n ces and 
xased to evaluate alternative network structures, systems of controlled 
versus c^>en access to information, given different types and levels of 
complex tasks. Problem solving efficiency and grot?) productivity would be 
a primary focus of the research, althou^ other issues such as increased 
social ooraraunication between crew members and ground personnel would eilso 
need to be addressed in terms of the inpact on mission success, broadly 
defined. Priority should be placed on the developDoent and evaltaation of 
on-line data collection systems for post-ICX: space station missions and 
other long-duration, "manned” missions concerning the multiple impacts of 
computer-mediated communication s ys tems. 

Summary Statement CJonceming Research Needs 

The 1986 Challenger disaster was as much a failure in organizaticmial 

decision-making as a technicad failure in the ri^t rocket booster an the 

shuttle. This fact attests to the tendency in orgeinizational contexts for 

scientists and managers to focus attenticai primarily on the technologicaLl 

aspects of s ys tems rather than the sociad au^)ects of system design. 

Historically, in the social sciences, as well as the physical sciences, 

productivity has been viewed fundamentally as a problem of technical 

system or organizational design and Innovaticxi. Those \«ho design and 

evaduate complex system s vhich require human participation, however, must 

eventually recognize the significant role of psychological and social 

factors In productivity. Human factors are new encorporated in NASA's 
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reseeuxh progrenn, tut this is a recent and fairly snail beginning given 
the time frame within vhich research conniitments are necessarily made. 

reccromendations assume that technical and social systems can not be 
c.*^igned in isolation of one another and that interdisciplinary research 
vhich crosses the invisible boundary between the physical and socicd 
sciences is required. Designing space stations which are maximally 
habitable and vhich optimize human comfort, satisfaction and prcxiuctivity 
and minimize the sense of isolation and the stresses associated with risk 
and uncertainty, as well as the potential for intra-grcx?) and inter^-grcx?) 
conflict is as critical a goal as the flawless design of structures which 
will provide the techniced si^^rt for "life edoft”. 

Research on many critical aspects of sociad system design is sisply 

not available. In part this is because the technologies vnder 

consideration are new (e.g. conputer-msdiated networks to facilitate 

interpersonad coamunication are relatively recent) ; but adso in part, this 

state of the art is a function of nationad priorities and budgetary 

constraints. Ifcpefully, this situation will change. Ihe quadity of life 

in space in the twenty-first century will hinge ipcn decisions we make 

during this decade as to vhat research is necessary to maximize not only 

productivity, the bottom line for many, but adso less tangible qualities 

such as habitability, sociabilil^ and liveability. The space station is, 

after adl, a place to be inhabited, a mini-society which at some not too 

distant time in the future must begin to cope with not only the 

technological requirements of its environment, but also the psychologicad 

and social needs of its inhabitants and the social constraints and 
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requirements of 2ui etnerging society. Recruitnient/ selection, training, 
sustenance and replacement of persons will be eis criticeQ. as the 
maintenance and replacement of parts. 

The following is an abbreviated list of research needs (see Table 1) 
vMch I have suggested in the text of this report related to social 
factors involved in space station design during the post-IOC phase. The 
emphasis in this report has been placed on issues related to stress, its 
causes and consequences, and the impacts of ocmnputer-inediated 
ccmniunication systems (since that is currently the primary mod 2 Q.ity 
envisioned.) I have only scratched the surface. 

In conclxosion, it is important to note that as with many of the 
reseeirch programs of IG^SA and Universi'^-based scientists, the benefits to 
be derived from the proposed reseeuxh extend far beyond the li m i t ed 
purposes of future ^ace station missions. Tiproved methods for coping 
with multiple stressors in hostile environments and a better understanding 
of the social and psychological effects of cxatputer-imediated conirnunication 
systems have great potential applicability in a wide range of human social 
contexts. The payoffs for society as we knew it on earth are potentially 
even greater than the payoffs for life as we envision it on space stations 
in the next century. 
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TABLE 1 Selected Besearch Needs: Social Factors and Productivity on 


Lang-Duration Space Station Missions 


Social Stress, Human Productivity and Grot?) Functioning: 

(1) Develop more comprehensive and precise measures of stress levels for 
situations involving multiple stressors. 

(2) Research and develop stress monitoring systems, on-line data 
collection procedures, and more unoibtrusive measures of stress. 

(3) Conduct research on perscml characteristics (e.g. personality 
dimensions, gender, etc.) and specific responses to stress and 
adaptations to stress on long-duration space station missions. 

(4) Examine group composition factors vhich maximize efficient groip 
functioning under multiple stressors. 

(5) Research the specific inpacts over time of multiple stressors on 
individual and group decision-making processes. Assess the 
effectiveness of different coping strategies and decision aides tinder 

varying levels of stress and comibinations of stressors. 
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(6) E>^)and research on the cavises of stress to inclxrie as well as 
psychological and physiological factors socied. factors such as grcn?) 
size, grocp cxaposition, division of labor, workload, perceptions of 

* equity in the assignments of tasks and responsibilities, styles of 
leadership, l^pe and degree of contact with significant others, etc. 
on long-duration missions. 

(7) Begin to develop process models vhich relate stress to individual 
performance and groi^p-level functioning and specify the conditions 
under vhich the inpairment of individual performance seriously 
ccmprcmises gnxp functioning. 

Coirputer-^fediated Ctanraunication Systems, Human Productivity and Groip 

Functioning: 

(1) Extend existing research on the socicil impacts of computer-mediated 
ccoranunicaticn systems on individual decision-making and groip problem 
solving. 

(2) Investigate the effecto of conputer-^mediation in relation to the 
phases of gnxp problem solving, conplexity of the tasks and 

variations in the levels of environmental stress and uncertainty. 
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(3) Conduct research on cxxiputer-inediated cxnimunicatlan systems and the 
distribution of pcMer and authority. Investigate in particular the 
potentied. for conflict between kncwledge-based and hierarchiccil 
authority structures and the link between centrality and the exercise 
of power and influence. 

(4) Investigate the potential consequences of ocamputei>inediated 
ccmmunicaticn between crew members and significant others on earth 
attending to issues of privacy, sociad. si?:port and the effects on 
responses to isolation, confinement and other stressors on space 
station missions. 

(5) In the future, research the differential inpacts on individual 
performance and grctp functioning of various types of mediated 
communication systems (including audio and video channels) . 

(6) Examine factors related to communication modality and access to 
ocarmumcation channels vhich inhibit the rpward flow of critical 
information (especially negative information) and mechanisms vhich 
circumvent this problem. 

(7) Consider the effects of conputer-mediated communication on the 
relations between crew menbers and ground personnel and between crews 
of different modules with respect to the potential for intergroip 
conflict and develop mechanisms to mitigate conflict. 
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NOTE: Other research recxninaendatlans are induded in the text. This table 

irKcl\x3es a subset of the potentieil research topics relevant to 
long-duration missions. 
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THE SPACE STATICN'S CREW AS A SCXIAL SYSTEM 


DRAFT 

HOT FOR DBimmiM, 
ATTMBnHi 
ORQUOTAni 

This paper discusses the organization of the crew on board NASA's 
Space Station in the year 2000. In line with the work of Sells and 
Gunderson (1972 ) , the perspective adopted here is that the crew of the 
Space Station is not just as a collection of people but a functioning 
social system. Crew members are viewed not just as individuals/ but as 
interdependent parts in a larger structure. 

Under current plans, the Space Station will evolve from its earliest 
form (called the Initiad Operating Configuration, or IOC) , vhioh will 
exist approximately in year 1993, to a complex form (herein called the 
Second-Stage Operating Configuration, or SSOC) in year 2000. In the IOC 
(1993) , the crew of the Space Station will be small (i.e., 6-8 persons) . 

As the Space Station evolves over time, the crew will grow in size, and by 
SSOC (2000) it will have grown to 20-30 persons. It is possible, of 
course, to view the crew as a system even vhen there are only 6-8 people 
on board, as in IOC. However, it becomes increasingly useful to view 
human relations in system terms vhen there are more persons on board, as 
in SSOC. 

NASA has tradition 2 dly placed great enphasis on careful selection and 

intensive training of its crews, and the outstanding performance of NASA 

crews aloft attests to the success of this approach. Selection and 

training will continue to play an inportant part in IOC and SSOC Space 

Station operations. Nevertheless, as the Space Station evolves from IOC 

to SSOC, NASA will find that it must rely less on selection and more on 
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intentloneLL design of the on-board social system to achieve adequate 
performance by the crew. Ihls will occur because the growth In size will 
render the crew Increasingly less a collection of Individuals and 
Increasingly more a system with emergent properties. 

During the evolution from ICX: (1993) to SSCX: (2000 ) , iicportant changes 
will occur in the social system on board. Not only will the system 
Increase in size, but It will became differentiated into distinct 
subgrcx^ and more ccnplex in structure. These evolutionary changes will 
not csnly affect the Space Station's performance, but also determine the 
types of problems and fallxires that occur within the scx: 12 lL system on 
board. 


The main purpose of this paper is to assist NASA in develcping a 
research agenda for the SSOC social system. It must be reccsgnized, 
however, that neither the IOC nor the SSOC scxsied systems e>dst today. 

This means that research is problematic, becavise there is no way that csne 
csan directly chserve these systems or take measurements on them at this 
point in time. Since the IOC and SSOC scxoieil systems are yet to be 
develc^jed, the essentiad question is not research, but planning and 
design — vhat shape and structure will these systems have and how will th^ 
function. Research becomes useful primarily as an adjunct to the design 
problem; that is, it becomes xoseful to the extent that it irproves seme 
social system designs or eliminates seme candidate designs from further 
(oonslderatian . 
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To develop research ideas for SSOC, this paper first describes ways in 


vhich the SSOC social system will differ from the IOC socied. system. 

Next, it disaasses three operating problems that may be more troublesome 
in SSOC than in IOC. These are (a) supervising and controlling the 
diversity of payload activities, (b) handling the relationship between 
differentiated subgrcxps of crew members, with its potenti^d for 
intergroip conflict, and (c) responding to environmentally-induced 
crises. Finedly, scsne avenues of research are suggested regarding these 
operating problems. 

OCMPARING THE IOC AND THE SSOC SOCIAL SYSTEM 
Socied Systems in Space 

Social sy st ems In space operate under parameters different from social 
systems on Earth. These parameters, vhich apply to both the IOC and SSOC 
socied systems, include: 


(a) Perilous Envlrmment. In contrast to most Earth-based socied 
systems, the crew on board the Space Station (and on any i^oe vehicle) 
will face a perilous environment (microgravity, no o>Q^en) and require 
ccnplex life-sipport. Crew members will face significant hazards and 
risks to life. 

(b) Relative Isolation. The social system on the Space Station will 

be isolated from other social systems and (in many respects) self 

contained. It will be in contact with Earth only via telecommunications, 
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euld hence it potentially has scsne degree of ind ep e n de n ce frcn Mission 
Control on Earth. 

(c) Long Duration. Ihe social system s on board the Space Station, 
vMle transitory coBipared with those on Earth, will remain in space for 
increasingly long durations. Space Station crew members will fly missions 
that endure 90 days. (Ihe Space Station itself may continue usefully in 
orbit for 20-30 years.) From the stan^int of individual crew members, 
long-duration missions may ent3dl stress, psychologiced. depression, and 
diminished performance (Bluth, 1980, 1981; Cunnin^iam, 1977; Cberg, 1981). 

E}«>gencusly Mandated Changes in SSCX: 

Ihe environment faced by the Space Station's crew in SSOC will be just 
as perilous as that in IOC. However, the Space Station's socied system 
will not remain constant. NASA has edready mandated cert£dn changes in 
the social system that are to occur between IOC (1993) and SSOC (2000) . 
Ihese changes include; 

Change in Crew Size 

One difference between IOC ai>d SSOC is the size of the crew on board the 
Space Station. In IOC, the crew will be snail (6-8 persons) . In SSOC, 
the crew size will be larger, perhaps 20-30 or even more. Ihis increase 
in size will be xnade possible by the physiced es^anslon of the Station. 
Most of the added crew members in SSOC will be Payload Specialists, not 
Astronaut Pilots. 
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Qiange in Crew Ocnposltion 


Severed ijiportant dianges in the ccnposition of the crew will occur 
}j^tween IOC and SSOC. First, the Japanese and European Space Agencies 
will attach modules to the Space Station in SSOC and place their cwn 
Astronauts aboard. VAiereas the IOC crew will consist of USA-NASA 
personnel, the SSOC crew will include substantied numbers of several 
distinct nationedity subgrojps: USA, Japan, Europe. 


A second change to occur concerns the skill mix of the crew. In IOC, 
most crew members will be Astronaut Pilots. In SSOC, there will obviously 
still be some Astronaut Pilots on board, but the crew will include many 
more Payload Specialists than in IOC. Some calculations illustrate this 
point. If it takes two Astronaut Pilots to fly the Space Station at one 
time, then a tot£d of four persons will be needed to fly the Space Station 
around the clock (assuming that fli^t operations are never left 
unattended and that Astrc»iauts work 12 hours at a stretch.) Ihe 
implication is that, in IOC, at least half the crew members will spend 
their time flying the Space Station, not conducting payload operations. 

Ihe situation in SSOC will be more favorable, because the nuniber of 
persons needed to fly the Space Station will presumably remain about the 
same (de^ite the larger physicad size of the Station) ; most of the 
additional persons on board in SSOC will be Payload Sp^ialists, vho can 

devote their time to scientific or manufacturing productivity. 
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A third change, less well defined at this point, cxsncems the gender 
mix of the crew in SSCX:. NASA has shown that it intends to put VAanen in 
space, edthcui^ missions to date have been male doninated. Presumably the 
crew of the Space Station will include some wcnten. With the move from IOC 
to SSOC, and the acoatrpanying increase in crew size, there may be 
opportuni'ty to move the ratio of females/males on board closer to 1.00, 
^ould NASA opt to do this. 

Change in Mission Statement and Goals 

In IOC, the primary mission goals will be, first, to fly the Space 
Station and, second, to construct large space structures, i.e. , e}q>and the 
physical structure of the Space Station using ccaponents flcwn vp via the 
Shuttle (Danford et eil., 1983) . These goeds will doubtless apply to SSOC 
as well. 


In SSOC, however, the increased number of Payload SpecieLLists on board 

will permit other goals to be pursued. These gocLLs may include 

manufacturing and materials processing under conditions of micro-gravity, 

and tending and repedring ocnmunications satellites. Other objectives may 

include conducting scientific e^qseriments, carrying out remote sensing and 

meteorologiced monitoring, and engaging in fli^t sipport (assembly, 

maintenance, checkout, launch, recovery) for manned or unmanned lEO 

transfer missions (Danford et al., 1983) Overall, the goals pursued by 

the crew members in SSOC will be more complex and diverse than those in 

IOC. Ei^jressed more formally, the SSOC social system will be attenpting 
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to optimize v^t may be construed as a hi^ily ccttplex multi-objective 
function (Keeney and Raiffa, 1976) . 

C3oange in Onboard AI and Ccnputerization 

Current plans for the Space Station ced.1 for an increasing use of 
artificial intelligence (AI) and es^jert systems over time. Ihe extent to 
viiich AI can be used in IOC and SSOC depends both on the capabilities of 
the Space Station's ccnputers and on the software itself. 

In past missions, the ccnputers on board NASA's space vehicles have 
not been powerful, due in part to limitations iitposed by physic 2 Ll size and 
wei^t. The situation will be sconevhat better in IOC. Plans indicate 
that IOC will include some AI systems, althou^ these will be 
stoall-to-moderate in size. NASA will, of course, use mainframe ccnputers 
on Earth, and these may sipplement the AI routines of the Space Station's 
smaller onboard ccnputers. Seme AI systems on board will probably serve 
as consulting devices for the diagnosis of hardware failvires. Other 
onboard oenputerization may involve scheduling of crew activities and 
maintenance of databases (e.g. , materieds inventory) . 

By SSOC, the ccnputers on board the Space Station will be faster and 
capable of running large AI programs. Moreover, the software will have 
evolved with eiperienoe on board the Space Station, and will become more 
wide-ranging in its capacities. Thus, AI and espert systems will be more 
prominent in SSOC than in IOC, and SSOC will be more autemated. 
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Fran the stant^lnt of the social system, the evolution of 


ccnputerlzatlcn is relevant because AI will beccne Integral to anboard 
declsian*^ma]dng. By SSOC, the AI software will be able not only to 
diagnose hardware failxnres, but also to schedule human activities and 
perhaps even to resolve conflicts among humans regarding priority of 
objectives. 


Induced Structural Changes in SSOC 

Ihe exogenous changes mandated by NASA for SSOC, as listed above, will 
bring about maiy changes in the internal organization of the SSOC social 
system. Of course, because neither the IOC nor the SSOC socied systems 
exist today, one cannot draw firm conclusions about their structural 
properties or performance under specified conditions. Nevertheless, by 
considering the proposed systems in li^t of research findings on 
Earth-based socied systems and earlier spaoe-fli^t sociad systems, scone 
plausihle conjectures can be made regarding their structure and 
performance. It norwi fairly clear that the SSOC sociad system, as 
contrasted with the IOC system, will be loore cooiplex, more differentiated 
into subgroips, and more decentralized with respect to decision-making. 

Ccnplexity 

Die SSOC sociad system will be far more comply than that in IOC. Ihe 

SSOC sociad system will include more members (20-30, rather than 6-8) , and 

the ccoiplexity of the system will Increase nonlinearly with crew size. 

The primary source of this increased ccaplexi'ty is not just larger crew 
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size per se, but rather the fact that the system's grc^/th will occur via 
differentlatlcn (elaborated subgoals and subgrcx^) and not via 
segmentation (Sutherland, 1975; Casti, 1979) . 

This increase in ccnoplexity is reflected, for instance, in the number 
of canmunication channels in IOC as contrasted with that in SSOC. With 8 
crew members in IOC, there are 28 channels (assuming that each channel is 
2-way and that a crew member does not require a channel to cc mm unicate 
with himself) ; with 30 crew menbers in SSOC, there are 435 channels. 

Ihus, a 4-fold increase in crew size produces a 16-fold increase in 
channels. Of course, it may be the ceise in SSOC that every crew member 
will not have a need to ccmmunicate with all others, but the increase in 
structural ccnplexity is nevertheless clear. 


Increased ccsrplexity will show ip not merely in structural measures 
but also in functioned ones. For instance, ccnplexity micbt beocme 
apparent in slower response to emergencies or crises. Today there is no 
way to measure the resfponse-time performance of the SSOC social system. 
Cculd one do this, however, the SSOC social system mi^t emerge as slcwer 
(and less predictable) than the IOC system vben responding to such 
emergencies as fire on board or a collision with space debris. To 
mobilize 20-30 persons scattered in several modules (in SSOC) will 
probably take more time than to mobilize 6-8 in one module (in IOC) . 
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Differentiation 
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Uie socizd system in SSOC will be far more differentiated — that is, 
ccBoposed of subgrcx^s with distinct identities — than the socied. system 
ill IOC. The bases for this differentiation will be natioml origin and 


task speciad-ization; there may 6d.so be seme subgnxp differentiation based 


on gender. 


Under current plans, NASA will add physical modules to the Space 
Station between IOC and SSOC, causing an evolutionary es^ansion in size. 
NASA itself will su^ly some modules, but others will come from foreign 
space agencies (Japan, Europe) . Hence, the crew on board the SSOC Space 
Station will consist of persons from all three space agencies (USA, Japan, 
Europe) , possibly in proportion to the financial contribution by various 
participating nations. This means the SSOC crew will consist of subgroups 
that (a) have different national origin (US, Japan, Europe — Britain, 
France, Germany, Italy) , (b) have different native languages, (c) have 
different skin color and racial characteristics, making groip membership 
readily visible, (d) have different moral and religious belief systems, 
and (e) perhaps have different goed.s and IcMig-term agendas. This SSOC 
crew profile differs sharply from the far more hcaonogeneous IOC crew 
profile; in IOC the crew will be single natiori 2 d.ity (primarily or entirely 
USA) , single language, consonant beliefs, unitary goals, single command 
structure on the ground (NASA) , etc. 

Crew members from the three space agencies will, at least to some 

degree, constitute distinct subgroups on board the SSOC Space Station. Of 
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course, the \ise of a single language (Engll^) on board will help to 
lessen subgroi:?) differentiation. Neverthel e ss, an extrapolation frcm 
research on EarthHaased social systems suggests that differences in the 
factors noted above (nationality, skin color, native language, belief 
systems) , reinforced by NASA's plan to house together persons from a given 
country in their own module, will cause the subgrca^s to have at least a 
moderate degree of in-grocp identification and well-defined boundaries 
(Tajfel and Turner, 1986; Wilder, 1986; Brewer and Cairptoell, 1976) . 

Another basis for subgroup differentiation present in SSOC (but not in 
IOC) is task specialization. As noted above, both IOC and SSOC will have 
Astronaut Pilots, but SSOC will have many additional Payload Specialists. 
The SSOC crew, for instance, may include such diverse specialists as a 
university astrophysicist, a commercial materi 2 ds engineer, and a nationed. 
security intelligence anadyst. 

The Astronaut Pilots in SSOC may view themselves as a distinct 

subgroup within the larger social system. They will have similar 

backgrounds, perform similar activities, and work for the same employer on 

the ground (NASA) . Whether the Payload Specialists in SSOC will view 

themselves as a second distinct subgroup is less clear, because they may 

differ significantly among themselves. That is, the Specialists will come 

frcm a range of educational backgrounds, work for different employers on 

Earth, pursue a diversity of objectives vhile on board the Space Station, 

and perheps even operate under orders to ke^ their activities secret frcm 

others on board. If some Payload Speciadists work interdependently an 

tasks or report to similar commands on Earth, there is the possibility 
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that they will foim identiflably distinct, functioning subgroup on the 
SSOC Space Station. 

Decentralization 

The social system in SSOC will be more decentralized than that in IOC. 
In other words, decision-meddng will be distributed more widely across 
persons in SSOC them in IOC. Si^jervisory control over various functions 
will shift away frcm a central cominand and reside instead with a diversity 
of specialists. 

Pressures toward d e ce n tralization of decision-'inaking and control in 
SSOC will ccame from severed sources. First, as the Space Station evolves 
from IOC to SSOC, there will be a change In the Station's mission. 

Payload operations will become more prevalent and irportant. As a result, 
the activities on board will beconne more differentiated and speciedlzed 
(e.g. , materieds processing under microgravity, satellite servicing, and 
conduct of ej?)erlments) . Most of these new activities will be 
e:g}ertise -b eised, emd they will be controlled ly the only persons on board 
vho ]<ncw how to do them (i.e., Payloeui Specialists, not Astronaut 
Pilots) . The eagansion of esgartise on board in SSOC will coincide with 
decentralization of decision-making. 

Many Payload Specialists in SSOC will be employees not of NASA, but of 

other organizations on Earth. One implication is that the Payload 

Specialists presumably will report to different si;pervisors on the 
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ground. Uiis fact will conduce toward more decentralization of 
decision-^making on board the Space Static. 

OPEE^TING PRDBTFMq F2VCING THE SSOC SCXICAL SYSTEM 

As detailed above, the social system on board the Space Station will 
undergo significant stnactural changes from IOC to SSOC. Ihe system will 
@<perienoe a change in mission statement, grew in ccnplexit^, 
differentiate into subgroups, and decentralize in decision-making. Ihese 
shifts will produce operating problems for the SSOC social system that 
were not present in IOC. Althou^ one can doubtless identify maziy such 
problems, three are of specied interest here. These are singled cut not 
only because they pose special threats to overall mission performance, but 
also because th^ potentially can be mitigated (if not eliminated) throu^ 
design and research efforts. The three are: 

(a) The SSOC system will face problems with si:?)ervisory-oontrol 
functions that were not present in IOC. The burden of coordination will 
be greater, because the SSOC system will include distinct national 
subgroc^ as well as more task-specialization subgroups than IOC. 
Coordination of activities will be more problematic in SSOC, in part 
because decision-making will be more decentralized. 

To some degree, the problems with stpervisory-control functions can be 

addressed throu^ design efforts prior to SSOC. The broad research/design 

issue for NASA is vhat type of si^ervisory-oontrol structure will best 
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serve the SSOC system, in the sense of providing greatest efficiency and 
hi^iest probability of mission success. 

(b) Ihe SSOC system will pose risks of intergroup conflict that were 
not present in IOC. The presence on boeund of several distinct subgro u ps, 
with potentiedly opposing interests and objectives, incre^lses the prospect 
of conflict. 

The broad resea r ctydesign question for NASA is vhat seifeguards to 
tuild into the system to reduce the probabili'^ of overt conflict 
occurring. A related question is vhat can be done to eissure that any 
conflicts that do arise eure resolved constmctively. 

(c) The SSOC system may have more difficulty than the IOC system in 
coping with crises (e.g. , fire on board, collision with space debris, 
etc. ) . The SSOC social system will probably have more resources than the 
IOC system for coping with many crises. At the same time, the SSOC 
system ~ with its greater degree of differentiation and decentralization 
— may be worse-off organizationad.ly than IOC and have more difficulty 
mobilizing to deal with crises. 

The broeui reseeuxiydesign question for NASA is how best to structure 
the SSOC social system so that it can mobilize adequately to with 
various crises. 

The following sections discuss eaoh of these problems in turn. Etimary 

focus is on the nature and genesis of the problems. Attention is also 
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given to design Issues — that is, to vftiat researdi nd^t be done by NASA 
prior to SSOC to mitigate these problems. 

SUI13WISQRY-OCOTROL AND OPTIMAL PEKPC3EMANCE 

Ihe tcpic of si$)ervisory control 1:^ humans on board the Space Station 
h£is several dimensions. First, there is the matter of humans' reliance on 
and control over machines. Wider current plans, the Space Station's 
physical subsystems will include many sensors and control devices to 
monitor and regulate autcmaticcilly a variety of outcomes, including 
life-si^port, power sources and management, fli^t control, thermal 
control, and traffic control. Thus, vhen interfacing with machines, the 
crew meniberB on board will enter the Space Station's control process only 
in a hi^-level monitoring, troubleshooting, and decision-maJcing capacity 
(Kurtzman et ed., 1983; Von Tiesenhausen, 1982). 

A secxand aspect of si^jervisory control on the Space Station is the 
regulation of crew menibers' activities by other crew members. This topic 
is of interest here becavise there will be a shift in the Space Station's 
onboard st^jervisory-control structure during the evolution from IOC to 
SSOC. The following discusses sane aspects of this change. 

The Siqpervisory-Ccntrol Structure 

As used here, the term supervisory-cxontrol structure refers to that 

functioral subsystem on board the Space Station which (a) regulates crew 

activity in the interest of attaining system goals, (b) makes choicies 
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among collective behavioral alternatives, and (c) handles dissent, 
including the treatment of ncaKscmplianoe by crew members. 

In social systems on Earth, si.?>ervisory-<xjntrol stnictures (often 
called "autiiority*' systems) typicedly specif vdio makes vhat decisions, 
vdio evaluates vAioee performance, and vdio influences (gives orders to) 

>dian. No doubt the si^jervisory-control structure on the Space station 
will entedl such specifications, with the added characteristic that soame 
prerogatives will reside with crew members on the Space Station vhile 
others will inure with personnel on the ground. 

Si:^)ervisory-<xntrol stinictures can assume a wide variety of forms. 

For instance, at one extreme there is the archetypical military ocanmand 
model with hierarchical lines of authority and ocmmand. In pyramidal 
structures of this type, control flows from the top dcwn, vhile 
information flows tp (Ifesarovic et al. , 1970) . At another extreme there 
is the equalitarian model with a flat authority structure. In the Space 
station context, such a model mi^t consist of egimdly-ranked Astronauts 
aloft, not taking orders from a crew member on boEund, but each r^rting 
to scmeone on Earth. A third si;pervisory--oQntrol structure — falling 
between the extremes of hierarchy and equality — is the heterarchy. A 
heterarchiced. structure is one that resembles a network, the nodes of 
Which are relatively independent control systems and the arcs of which are 
the lines of communication passing between the nodes (Sutherland, 1975) . 

On the Space Station, the nodes in such a structure mi^t be individued 
Task Specialists, or possibly teams of Speciedists. 
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It follcMS that die inportant researdV<^i9n issue is exactly vAiich 
si^jervisory-cxantrol structure should be deployed on board the Space 
Station. Since this issue is inportant both in IOC and in SSOC, it is 
useful first to look briefly at the IOC situation. 

Supervisory-Control Structure in IOC 

Ihe main objectives of the Space Station crew during IOC will be to 
fly the Station and to espand its physical structure (add new habitation 
mo du les euid platforms) • Any of several alternative svpervisory-oontrol 
structures mi^t suffice in IOC to accomplish these objectives, althou^ 
scrae structures are probably better than others. The question, then, is 
viiioh to d^loy. NASA might base its choice on such procedures as 
trial-and-error or extrapolation from previous experience with space 
fli^t supervision. Alternatively, systematic research be to 

narrw the choice by eliminating some candidate structures. 

More specifically, NASA mi^t conduct simulations on the ground to 

test various outcomes from different stpervisory-control structures. 

Simulations mi^t be done under conditions that closely replicate those 

found in space — e.g. , hi^ stress, hi^ noise, restricted ccmimunicaticn, 

90-day duration, tasks similar to those done in space, and so on. 

mportant outcome measures include productivity levels, crew satisfaction, 

lack of conflict, adequacy of response to emergencies, etc. Multiple 

replications could be run on each of several ciltemative 

sipervisory-control structures using standard ejqierimental designs. The 
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results shculd provide a fair idea of hew the edtemative 
si;pervisory-oontrol structxires will perform. 

Without the results of such research, it is hard to know >hat type of 
struerture will eventually be d^loyed. A plausible conjecture, however, 
is that the Space Station's IOC si?»rvisory-oantrol structure will, at 
least to sane degree, reseinble a standard "military ccemnand model" with 
hierarchiced lines of authority and oonmand. There is a general tendency 
for grex^ss feuzing perilous environments to organize themselves 
hierarchicedly, primarily because it strengthens their capacity to respond 
to emergencies and crises (Helmreich, 1983; Harrison and Connors, 1984) . 
This pattern occurs not only in space missions, but in submarines, 
inderseEus r e sea r ch vessels. North Sea oil rigs, and poleur e^qseditions. 

Most likely, the IOC system will be no eoec^ition. 

Thus, the scpervisory-oontrol structure on board during IOC will 
presumably involve a designated "Mission Cemmander" (or some such title) 
with authority to issue orders to subordinates. Of course, the 6 or 8 
Astronauts on board during IOC are going to be oonpetent, skilled, and 
resourceful persons. They will have been selected via a rigorous 
screening process, and there will be little reeison to doubt their capacity 
for decisive action. Nevertheless, their roles will be fairly restrictive 
eind edford little independence, cuid they will essentially be taking orders 
frem Mission Control on Earth and from their Mission Cemmander on boEu:d 
the Space Station. 
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Pelations Between the Crew and Mission Control 

« QUOTATION 

Both in IOC and in SSOC, one research/design issue deserving 
cx>nsideration by NASA is the exact allocation of control between Mission 
Ccxitrol on Earth and the crew on the Space Station. Ihe vies^int taJcen 
here is that the Space Station will not be "autoncnious" or independent of 
Missiai Control. Because man/ monitoring and control functions are better 
performed on the ground than in space, Mission Control will exert 
considerable influence over a wide range of crew members' activities and 
decisions throuc^icut IOC. Crew members, however, will prcdsably retain 
control over such things as the inventory of items on board the Space 
Station and the flow of traffic in and around the Space Station. 

More problematic is v^ther crew menbers will have control over the 
scheduling of their own day-to-day activities. On one hand, Missiai 
Control needs assurance that crew members are performing adequately and 
thus may wish to exercise strong si^jervision over schedules. On the other 
hand, tasks vMch are easy to perform cn Earth may consume great time and 
energy under microgravity in space (Sloan, 1979) . This may cause Mission 
Control to esq^ect too much and could lead to overscheduling of daily 
activities by perscamel on the ground. 

Excessive regulation of crew schedules by Mission Control can produce 
role overload on ^)ace missions (Heimreich et al. , 1979) . Even worse, 
lock-st^ regulation of the crew's schedule by Missicai Control mi^t 
result in such labcar problems as the well-publicized one-day "strike in 

space" that occurred during the 1973 Skylab mission (Balbaky, 1980; 
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Ocxper, 1976) . To achieve a workable balance/ vhat the Space Station 
rieeds is an arrangement vherekY Mission Oontrol can specify (longer^range) 
goeds to be achieved/ vhile crew members can express and to sane degree 
enforce their preferences regarding loced work flew and task-allocation. 

One approach to such an arrangement is based on experience in earlier 
space missions. Both the Russians and ADnericans have reported sane 
success with task-assignment procedures vhereby decisions regarding 
mission and related tasks are made under the hierarchical model/ and 
decisions regarding off-duty activities and living arrangements eure made 
democraticedly (Leonov and Lebedev / 1975; Nelson/ 1973) . Althcu^ 
pronising/ these results pert3dn prhnarily to short-duration missions/ and 
their applicability to longer-duration missions is still an open question 
subject to further research. 

Another approach to the issue of day-to-day task scheduling is to rely 
heavily on (xnputer software. This approach will be relevant in SSOC, and 
may also be applicable in IOC. Many large projects of various types are 
managed on Earth today via project planning software. Task scheduling on 
the IOC Space Station will probably not be so ccmplex as to require 
software more elaborate than that available today. In fact/ conputer 
software for project management on the Space Station will not only be 
useful in achieving optimal edlocation of tasks to crew members/ but may 
even emerge as a tool for conflict resolution between the Space Station 
crew and Mission Oontrol. 
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Sv^Jervisory-Ocantrol Structure in SSOC 


As noted above, the social system in SSOC vdll be larger, more 
ocnplex, more differentiated, cuid more decentralized thaui that in IOC. In 
consequence, the si5«rvisory-<x3ntrol structure in SSOC will be more 
elaborate than that in IOC and probably will assume a fundamentally 
different form. 

Functions of Si^jervisory-Oontrol in SSOC 

The SSOC sv^^ervisory-oontrol structure must be geared to handle many 
of the same functions as the IOC system. Ihese inclvide flying the Space 
Station, coordinating with Mission Control on Earth, and building 
(eaqjanding) the Space Station. In addition, it will have to handle other 
functions, such as processing materieds and servicing satellites, as well 
as serving as a node in a larger communication and transportation network 
in space. 

Ihe SSOC socied system will include not only Astronaut Pilots, but 

also a large nunber of Payload Specialists (perhaps as many as 20 of 

them) . Regulation of these Specialists may prove a carplicated task. 

Most Payload Specialists will be hi^dy educated professionals 

knowledgeable in their respective specialties. Many will be accustomed by 

prior enplcyment to working under supervisory-ccaitrol structures 

permitting a hi^ degree of independence and autcncaony. On the Space 

Station, they may be performing activities (such as research) that are 

best aoocnplished under decentralized decision-making, and they will 
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probably be workirg for scmsone other than NASA (reporting to non-NASA 
authority on Earth) . One iirplication of these facts is that a 
strai^tforward extrapolation of the hierarchiccd IOC military coratnand 
model to SSOC will not suffice. 

Mbribology of Sv^jervisory-Control in SSOC 

It was suggested above that NASA mi^t vise experimental research 
(simulations) to design the initial IOC sv^jervisory-control structure. A 
similar approach would be applicable to the design of the SSOC control 
structure. In the absence of such research, however, it is a plausible 
conjecture that the sv^jervisory-control strvicture in SSOC not reseirble a 
military hiererchy to the same extent that the IOC structure did 
(Helmreich, 1983; Danford et al., 1983; Schoonhoven, 1986). Instead, it 
may more neaurly resenble an industried. heteierchy. Ihis is a structure in 
the form of a network, the nodes of vhich are relatively independent 
control systems. 

Due to task specialization, decision-making within SSOC will be nore 

decentrelized than in IOC. Interaction will be more collaborative, 

collegied, and advisory. To a significant degree, influence will flow in 

meiny directions (not just top-dcwn) auid will be based on expertise and 

control of information as well as on organizaticml status. Despite all 

this, however, Payloeui Specialists in SSOC will not be truly autcncroous or 

independent. They may have more decision-making prerogatives than 

Specialists in IOC, but their discretion will nevertheless be 

circumscribed and their performance will doubtless be subject to 
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administrative regulation and review. Much of this administration will 
originate from (non-NASA) personnel on the Earth, not from other persons 
on board the Space Station. 

On the Space Station itself, many Payload Specialists in SSOC may be 
organized into small teams (2-, 3-, 4-persons, etc.) working on specific 
tai^. Ihis team structure will capitalize on the added productivity that 
results front suoh processes as social facilltaticm (Zajonc, 1965; Hensohy 
and Glass, 1968; Marcus, 1978) ; at the same time, it will permit the Space 
Station's crew to tackle a diversity of unrelated tasks requiring 
different ocmpetencies (research, materials processing, satellite 
servicing, construction, etc.) the teams constituting the nodes of the 
heterarchy will each have decision-making authority regarding work-flow on 
their own tai^ (doubtless with the consent of si^jervisors on Earth) . 

In addition to this structure, the SSOC system will likely include a 
small administrative staff — e.g. , a Mission Ocmmander and several 
lieutenants vho will be responsible for coordinating relations among the 
diverse projects on board the Space Station. Ihese administrators will 
have the power to halt or reschedule activities on one project in order to 
facilitate another. (Again, coordination of this type will require the 
concurrence of Mission Control on Earth. ) Moreover, these administrators 
will also have the capacity, if an emergency or crisis arises on board, to 
halt all task activities and to mobilize the entire crew to cope with the 
emergency. 
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In sum, It is suggested that the si^jexvisory-cxsnttrol struc±ure In SSOC 
will poxibably differ f ran that in IOC, and may assume the form of a 
heterarchy or quasi-heterarchy. Ihis statement, hcwever, can be no more 
than a conjecture. It has been proposed that NASA mi^t use simulation 
research on alternative si^jervisory-control structures as a basis for 
developing the design of the SSOC system. 

leadership Poles in SSOC 

The model of the sw^^ervisory-oontrol structure sketched here asmimpg 
that, in SSOC as in IOC, there will be an overall Mission Canmander on 
boeurd the Space Station. The exact nature of the Mission Commander's role 
is an open reseeux^design issue. It seems cleaur, however, that his role 
during SSOC will be different from that during IOC, for he will coordinate 
and oversee rather than give directives, military-style. Althou^ he will 
have the skills to fly the Space Station, he will not handle the 
ndnute-to-minute task of piloting the Station. Nor will he carry out many 
payload operations per se. Instead, his major role will be to coordinate 
fli^t operations and payload operations, as well as coordinate relations 
among nationality subgra^js on board and with Mission Control on Earth. 

Beyond the nature of the Mission Ccmmander's role, there is the 

question of vhat persons mi^t be candidates for that role. Whether the 

position of Mission Ccoitnander in SSOC will be restricted to NASA 

Astronauts or c^jen to crew members from Japan and Europe is yet another 

research/design issue for NASA to address. A similar issue, too, arises 
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with respect to the lieutenants and other officers on board the Space 
Station. 


THE POTEMTIAL PCJR OWIICT IN SSOC 


Risks of Conflict in SSOC 


Conflict in social systems can manifest itself in diverse forms, 
lypiceil forms include argumentation, social "friction,” interpersonal 
disliking, attitudes of distrvist, passive refusal to cooperate, and so 
on. Of course, viien conflict becomes severe it will emerge in still other 
forms such as physicad violence. 

Althou^ the evidence on this point is largely anecdotal, relations 
among crew members in earlier NASA space flints have been hanoonicus. 
There is little evidence of serious conflict or disagreements among crew 
members themselves. There is, however, some evidence that disagreements 
have occurred between space crews on one hand and Mission Control on the 
other (Pogue, 1985; Balba]^, 1980; Cooper, 1976) . The source of these 
conflicts eppears to have been task overload or lock-st^ regulation of 
crew activities imposed by Mission Control. 

Except for the longer fli^t duration, there is no reason that 

conflict in the IOC social system will be greater than that during 

previous NASA space flints. There may again be some disagreements 
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between the crew and Mission control, but probably not much conflict among 
crew members themselves. 

In SSOC, however, the situation is different. Ihere is more potentieLL 
for interpersoml and intergrcx:?) ccaiflict in SSOC than in IOC. 

Sources of Conflict in SSOC 

Ihe risks of conflict are hitler in SSOC than in IOC because the crew 
will be differentiated into subgroups and decentralized with respect to 
decision*-inaking. First, SSOC will include maiiy more Payload Specialists 
than IOC. Each such person will have his or her special goals, \^ch 
means that the SSOC Space Station will be pursuing more ocnplex 
(multi-objective) goals and that decision-making will be more 
decentralized than in IOC. Ihese diverse goeds may be (someidiat) 
inoonpatible, and coordination will be more problematic. 

Just as significantly, the Inclusicai in SSOC of several nationality 
groc^is with distinct identities (USA, Japan, Europe) creates the potential 
for inb e rgrojg) conflict. Whether ccmiflict actually en^its among meirbers 
of different subgroup depends on inoonpatibilities among the different 
roles, values, and goals of these persons. Ihe fact that these subgroi:^ 
will be housed in distinct physiced modules will probably hei^ten 
cohesiveness within the subgroc^ and thereby increase the likelihood of 
friction between subgro:^. Ihe added fact that Americans may be in the 
minority (or, at least, not in the majority) on board the Space Station in 

SSOC could make the situation even more volatile. 
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Althcu^ it may be only partiadly relevant to SSOC, research on 
Earth-based systems shows that integration is prcbleroatic in socied 
systeans having many subgroc^. Systems of this type etre more vulnerable 
to hitler levels of conflict, mis-coordination, lack of cocperation, and 
mistrust than are systems having no subgroi^. Not surprisingly, conflict 
between subgroups is especially likely to occur vhen they have divergent 
objectives or interests (Canpbell, 1965; Sherif et al., 1961; Diab, 

1970} . Moreover, vhen conflict does occur in socicd systems of this type, 
it often is more severe (i.e., more rancorous, more divisive, more 
difficult to resolve) than that occurring in systems having no distinct 
subgrtx^. Ihis happens because, in systems with distinct subgrcn;^, 
conflict is not just disagreement among persons as Individuals, but among 
persons as agents of subgroL^. 

In sum, NASA has chosen to deploy a heterogeneous, differentiated SSOC 
social ^stem in vhich the risks of conflict are hi^ier than vrauld be the 
case in certain other types of social systems. Ihe risks would be less 
severe, for instance, had NASA chosen to deploy an SSOC system more lUce 
that in IOC — i.e. , a system vhere crew members have a imiform 
nationality (USA) , single native language, \jnitary goals, centrcdized 
command structure on the ground (NASA) , single living module, and so on. 

The Importance of Avoiding Ccaiflict 

No assertion is made here that conflict, mistrust, and lack of 

coordination are inevitable in the SSOC socied system. It is merely being 
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suggested that oenfllct is more lUcely in SSOC than in IOC. Conflict 
occurring in SSOC will probably be of Icw-to-moderate intensity (not 
severe intensity) , and will probably appear in such forms as 
argumentation, friction, and distrust (not physical violence) . There will 
be no need to install a jail on the SSOC Space Station. 

It is assumed here that NASA will wish to avoid conflict in SSOC. The 
primary reason for this is cost. The dollar esgjense per crew man-hcur 
aloft is very hi^ (est. $40,000 per man-hour), and it is obviously 
undesirable to waste time through lade of coordination or, worse, throu^ 
the need to resolve epen conflict. 

A second reason for avoiding conflict in SSCX^ is that conflict in 
socied. systems often feeds on itself. That is, an initial conflicted 
encounter may lead to hard feelings, disliking, and attitudes of distrust 
teward cut-grex^ members, as well as the development of cognitive biases 
and stereotypes (Wilder, 1981; Brewer, 1986; Wilder and Cooper, 1981) . 

This ma)ces subsequent coeperation harder to achieve, and may even 
intensify the problem (i.e. , "escalation of ccsnflict") . Interpersonal 
conflict changes the attitudes and beliefs of people involved, and this 
change is often for the worse vhen viewed from the stanepoint of ^stem 
performance (Cooper and Fazio, 1986; Kichener et ed.., 1986; Pruitt and 
Rubin, 1986). 

In the follcwing sections, then, consideration is given to various 

means by vhich NASA, throu^ its design efforts, can reduce the risk of 

conflict among the crew in SSOC. These means include the ed.ignment of 
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goal structures, patterning of social interaction, and selection and 
training of crew menibers. Ihe ftindamented. research/design issue 
underlying this discussion is hew to design the SSOC social ^^tem to 
avoid or minimize interpersonal conflict; a related issue is hew to egiiip 
the crew with techniques to resolve conflict (if it occurs) in a manner 
that is oonstrvictive frem the stanc^int of the larger system. 

Conflict Avoidance via Goal Structure 

Various a^roaches are available to NASA for avoiding anchor reducing 
conflict in the SSOC social system. One of the more effective is to give 
close attention to the design of, and zdignment among, subgroip goals. 

The importance of Goal Alignment 

As noted above, opposition of interests among subgroi^js in 
differentiated social systems is an inportant factor producing conflict. 
With opposition of interests, ove3± conflict frequently occurs; without 
it, there is no reason for conflict to occur (Caitpbell, 1965; Sherif et 
al., 1961) 

In IOC, there will not be much opposition of Interests among crew 

members. The Space Station will have a single coherent goal (i.e. , an 

objective function that specifies vihat should be maximized by system 

performance) . The main mission will be to fly the Space Station and to 

carry cut evolutionary ejq>ansion of the Station via construction. Crew 

members will not be working at cross-purposes. In contrast, during SSOC 
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the Space Station will have a more oarplex objective function. It nay 
even have none than one objective function because, in addition to the 
ftmction for the entire system, there may exist separate sub-functions for 
eaoh of the subgrcxps on board. Conflict mi^t arise, for instance, over 
manpower soheduling or over allocation of scarce xesources such as 
electrical power. In SSOC there will be at least some risk that one or 
several subgroups on board may have (or develop) goals that do not me^ 
smoothly with those of other subgrocps. 

kn inportant research/design issue for NASA is to specify objective 
function(s) for the SSOC crew such that the attainment of goals by one 
subgrcxp does not prevent the attainment of goals by some other 
subgroup (s) . weil-conoeived objective functions will promote harmony and 
productivity; conversely, ill-conceived or misaligned gocds will doubtless 
generate interpersonal and intergroup conflict. 

Ihe Superordinate Goals ipproach 

One approach to aligning goeds among SSOC subgroups is to establi^ 
objective functions that embo(^ vhat are called "superordinate goals" 
(Sherif et al., 1961; Blake and Menton, 1968, 1976, 1984). A 
superordinate goal is one that (a) is held to be inportant by each of the 
subgroups oenprising the larger social system and (b) can be attained only 
throu^ cooperative interaction among subgroups (i.e., cannot be attained 
by a single subgroup acting alone) . Superordinate goals induce a hi^ 
coincidence of interest among diverse subgroups. 
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Research on Earth-based social systems has shown repeatedly that 
stperordlnate goals inhibit conflict among subgrotps. Moreover, in social 
systems vhere the subgrotps are already engaging in open conflict, the 
introduction of new siperordinate goeds can mitigate or resolve conflict 
(Sherif et ed., 1961). Siperordinate goals reliably iitprove cocperation 
and reduce conflict among subgrcxps in a larger system. 

There may be several ways to incorporate siperordinate goals in the 
design of the SSOC socied system. One peu±icularly interesting 
possibility is to in c l u de such goeds in the ccnputer software used on 
board the Space Station. This becomes especiadly viable if NASA uses gnmp 
kind of ••project scheduler^^ software to assign tasks to crew members. 
Software of this l^pe entails optimization in seme form or another; \»hen 
designing this softwcure, NASA will have to decide exactly vhat is to be 
optimized. It is suggested here that vhat should be optimized in SSCX: is 
not merely ••productivity, •• but also system integration. Both concerns 
are important. The design and use of project scheduler software provides 
an opportunity to eipressly incorporate goals that bind the subgroips 
together. 


The Game-Theoretic ^proach 

An alternative approach to goed design is to treat the relations among 

subgrexps in SSCX: as a set of n-person games (Shubik, 1982, Owen, 1982, 

Vorobyev, 1977; Leitman, 1976). That is, the subgroips in SSOC mi^t be 

viewed as players having (somevhat) opposing interests in n-person 

non-constant-sum games. These games could be analyzed to identic points 
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of ocntention between subgroc^ and likely cutcxsnes of conflict. 

^jecifically, one mi^t first identify a set of scenarios (situations) 
that cculd arise on board the Space Station, and then treat each of these 
as a distinct n-person game. Ihese scenarios mi0it include such events as 
EVAS, heedth emergencies, payload es^jerimentation, space d^ris 
emergencies, etc. Each cculd be anedyzed in terns of the likely 
equilibrium outconie under sane solxition concept (e.g. , the Nash 
non-cooperative eguilibrim) . Results of such an analysis would shew the 
esetent to vhich the subgroups have opposing interests and indicate vhether 
they would play a strategy leading to an outceme that is not desirable 
collectively (i.e., not Pareto cptimal) . 

The point of conducting such an analysis is not only to anticipate 
issues over vhich conflict ni^t enpt, but eventucdly to design the 
subgrexps' objective functions to assure that the payoff matrices for most 
n-person games played on board lead to a benign equilibrium. 

Persons within NASA are familiar with the game theoretic approach; 

NASA used game theory to resolve conflict among groups of engineers with 
cenpeting demands regarding equipanent to be placed on the Mariner 
spacecraft. There may be opportunity agedn to use it advantageously in 
ssoc. 
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DRAFT 

, NOT FOR DISTRIBUTION 

Oonflic± Avoidance via Patterned SocictL Interaction 

ORQVOTATTON 

Another broad approach to avoidance of cxsnfllct in SSOC entails 
intentional strticturing or channeling of socieil interaction among crew 
memibers. In particular, NASA mi^t (a) design the si^jervisory-oontrol 
structure so that it detects and resolves conflict readily, (b) structure 
the interpersonal contact on board the Space Station to minimize the 
probability of conflict occurring, and (c) structure ocnmi unication on 
board so that message-type maps into media-types in a way that lessens the 
probability of conflict. Each of these is discussed below. 

Conflict and the Svpervisory-Control Structure 

Usually it is better to prevent conflict before it arises than to 
attenpt to resolve it after it has escalated. For this reason, vhen 
designing the onboard st?)ervisory-control structure for SSOC, NASA may 
wii^ to include vhat are termed ''boundary-spanning roles" (Adams, 1976; 

WeLLl, 1974; Katz and Kahn, 1966; Ifolmes et ed., 1986). Ihese are roles 
the occxpants of vhich perform functions that link subgrcups together. 

For instance, persons in boundaury-spanning roles may ocmmunicate across 
grcx^js on sensitive issues, or serve as representatives in decision-making 
that affects the relations between subgrojps. Because the SSOC social 
system will contain several subgrotps, the inclusion of bourdary-sparining 
roles in the larger system may help to avoid conflict between groips and 
to resolve ccnflict should it occur. 
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In systems without boundaryspemning roles, one typiced. consequence of 
conflict is a reduction or cessation of communicatioi between the 
parties. Any such reduction of ccraraunication would obviously be 
vaidesirable in SSOC. Ihe use of boundary-spanning roles in SSOC may be a 
way of establishing — and of keying open — channels between the 
nationality gm^s on board. In addition, occupants of boundary-spanning 
roles can also serve as negotiators with respect to points of ccntention 
between subgroc^. 

In sum, the use of bcundary-spanning roles in SSCX: may provide a 
mechanism for avoiding conflict. Ihe researdVdesign for NASA are 

exactly vhat bcundary-spanning roles, if any, to include in SSOC, and how 
to interface these roles with the activities of the Space Station's 
Missicai Ocsnraander and other administrators. One possibility in this 
regard is to design the role system such that persons vho will serve as 
lieutenants to the Mission Ccanmander will also function as 
boundary-spanners. 


Conflict and Interpersonal Contact 

A related researdVdesign issue is how best to structure interpersonal 
contact among regular crew members to prcmote cohesive, non-polarizing 
relations among subgrotps in SSOC. 

Research on Earth-based systems suggests that NASA mi^t reduce the 

probability of conflict between groips by assigning tasks to crew members 
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wltii an eye not just to getting work done, tut edso to prcncting 
oocperative oomtact and Interdependenoe among persons from different 
subgrcc^ (Amir, 1969; fk>rdiel et al., 1977, 1978; Deutsdi, 1973; Wordhel, 
1986) . For instance, NASA mi^t assign tasks such that persons from 
different nationality grtx:^ work on an interdi^jendent basis. Ikider such 
an arrangement, both Americans and Europeans would do EVA, both Japanese 
and Europeans would do payload operations (experiments) , and so on. Ihe 
situation to avoid is one vhere the Japanese do all the EVA, the Europeans 
do edl the payload operations, the Americans do all the flying, etc. The 
key is to create task-interde p endence and cross-linkages among naticnvdity 
groups. 


Another potentiad. overlap is that between Astronaut Pilots and Payload 
Specialists. If there are only four or six Astronaut Pilots on board in 
SSOC, there may not be much opportunity for task overlap between these 
groups. If there are many Astronauts on board, hcwever, tasks can be 
assigned to promote collaboration. Seme Astronaut Pilots mi^t be 
assigned to conduct payload experiments on an interdependent basis with 
Payload Speciedists. Again, the objective is to create ties across 
subgroips. 

Beyond task interaction, NASA may edso find it possible to structure 

non-task activities among crew members in such a way as to develop ties 

across subgroip boundaries. Of ccurse, most waJdng hours each day will be 

spent on tasks (12 hrs/day) ; crew members will have little time for 

non-task activities. Yet, non-task interaction may prove important in 

creating and naintalning positive attitudes and trust across subgroips, in 
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part because the size of the SSOC crew will preclude all ine9n±)ers from 
interacting with one another in a task mode. 

Scane research on Earth-based systems shews that infomal contact 
across subgrex:^ is most effective in strengthening intergroi^ bonds vAien 
it is ccaiducted on an equal-status basis (Amir, 1969, 1976; Norvell and 
Worchel, 1981) . Exactly hew to do this in SSOC is an open issue. For 
instance, it may be desirable to assign spatial living quarters to create 
cross-linkages among nationality groips. That is, assign some USA 
astronauts to sle^ in the Japanese module and the Eurc^iean module, assign 
Japanese and European astronauts to one another's modules and to USA 
module, etc. Alternatively, it may prove desirable to have crew msGonbers 
of different subgrxxps eat together (this will not carry special meaning 
for Americans, hut it may for the Europeans) . Hew to structure infomal 
contact in SSOC to strengthen intergroup bonds is an open research/design 
issue for NASA. 

Conflict and Communication 

Ihe communication system on board the Space Station in SSOC will 
differ from that in IOC. Ihe size of the SSOC oomraunication network will 
be larger (i.e. , contain more nodes) than that in IOC because the crew 
will be larger in size. Moreover, the toted ccraraunication flow (number of 
messages sent) will be hitler in SSOC, adthou^ the messages per crew 
member may remain abcut the same. Ocanraunication flews in SSOC will 
reflect the clustering of crew members into subgroups; flews will be 

hitler within and lower between subgroups. 
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From the stanc^int of conflict and conflict resolution, hcwever, the 
most critical difference between IOC and SSOC will be the media of 
ccniraunicatian xased. During IOC, vAien the Space Station will have a small 
crew housed in a single module, a significant proportion of ccmnunication 
will doubtless be face-to-face. In SSOC, with a larger crew dispersed in 
several modules, a smaller proportion of oomnunicatian will be 
face-to-face and a larger proportion will occur via other media such as 
telephone and electronic (cxaiputer) mail. Ihis will result naturally 
because SSOC crew members will have to ocamnunicate with others in remote 
locations in the Space Station. 

Ihe shift in oomnunication media between IOC and SSOC may be inportant 
because the various media have different properties. Telephones and 
oonputers, for example, do not conv^ some types of information as fully 
as the face-to-face channel (Mfehrabian, 1972) . Face-to-face ccramunicaticai 
transmits linguistic, paralinguistic, kinesic and proxemic cues, vhile 
electronic (ccnputer) mail transmits linguistic cues only (Connors et al., 
1984; Danford et al., 1983; Hall, 1968). One Important consequence is 
that non-face-to-face media carry less information about personal 
relations and feelings. Thus, in view of the SSOC system's potentied. for 
fractionating conflict, heavy use of non-face-to-face media in SSOC may 
produce undesirable consequences. 

Computer-mediated conraunication is especially problematic in this 

regard. The effects of conputer-mediated ocmraunication are not yet fully 

understood, but it is increasingly clear that this medium is good for some 
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puzposes, poor for others. Ocnpiter conferencing tends, for inst^uloe, to 
increeuse equality of peu^icipation more than face-to-face conferencing 
(Johansen et 2 d.., 1979) , vdiich may improve the potential for circumspect 
consideration of issues. Electronic mail is not, hcMever, a good medium 
by vAiioh to conduct bargEoning or to resolve interpersonEd. conflict, 
becavise it can foster one-sided proclamations and policy statemoits 
couched in conceits not shared by psu^icipants. More generally, 
ccinputer-mediated communication may be less effective than face-to-face 
communication for reaching consensus on issues vhere the "correct” answer 
is not obvious. In addition, research ^cws that use of cninputer-inediated 
communication sometimes leads to polarization Emd flaming (Kiesler, et 
Ed.. , 1984) . Behavior of this t^pe would be especiEd.ly vindesirable in 
SSOC, given the subgrcxp differentiation projected for the social system. 

The burden placed on conpiter-mediated communications will increase in 
SSOC in the sense that failiares to communicate adequately may have more 
serious oonsequmioes in SSOC than in IOC. Communication fsdlxires will 
assume hi^ier criticEd.ity in SSOC due to the differentiated nature of the 
sociEd. system. To communicate across cultures is difficult enou^ via 
face-to-face interaction; to rely heavily on media that filter information 
in vmpredictable ways will make the communication problem even worse. 

Thus, a general researciv'design issue for NASA is how may the SSOC 
crew best use the communication media on bosurd the Space Station to 
promote non-polarizing interpersoncd. contact and to create cross-linkages 
between numbers of subgroup. 
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At the least, may wish to develc^ an ''etiquette" regarding xise of 


the various media on board. Ihis may include not only rules for the use 
of media, but ^dso rules regarding vhat types of messages are to be sent 
over vMch media. Seme theorists have hypothesized a (statistical) 
interaction effect between media ^'pe and message '^pe on ccmmunication 
effectiveness (Geller, 1980; Danford et ed., 1983). In view of this, coie 
approach to the SSOC communication problem is to seek a match between 
media and the type of message being sent (i.e. , vhere "type” refers to 
message content coded from tlie stan^int of its functionality for the 
social system) . That is, to achieve hi^ communication effectiveness, 
send some types of messages by one channel, other types by other 
channels. To achieve such regulation, the Space Station will need norms 
specifying vhat '^pes of messages are sent via ocarputer mail, vAiat types 
via tel^hone, and vhat types via face-to-face contact. Ihe exact nature 
of these norms is an open issue. 

Cjonflict Avoidance via Selection and Training 

NASA has traditionally placed great enphasis cn selection and 
training of its crews. Selection and training will continue to play an 
inportant part in IOC and SSOC Space Station operations. Ihe potential 
for conflict in SSOC, hewever, iitplies that vAien NASA moves frem IOC 
teward SSOC, it may wish to make some adjx;istments both in the criteria 
used to select crew members and in the content of Astronaut training. An 
inportant researdydesign question is vhat diould be the nature of these 
changes. 
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Crew OcBPpo s ition and Selection 


Certain obvious shifts will occur in NASA crew selection activities 
frcm IOC to SSOC. First, the number of persons selected will increase, 
because NASA will be flying larger crews. Second, the skill<-inix of 
persons selected will shift; conpared with IOC, a larger proportion of 
crew nenbers will be Payload Specialists, a smaller proportion Astronaut 
Pilots. Ihird, the nationali-^ of persons on the Space Station will 
change, to include Japanese and Europeans. 

Less self-evident is that, vhen moving from IOC to SSOC, NASA may find 
it necessary to ciwige its crew selection criteria. To enhance 
integration of the SSOC social system, NASA may agt for crew members vho, 
by virtue of their bacikground, can serve as linking-pins across 
subgrcxps. For exairple, in SSOC there may be a premium on crew members 
vho have a background of cross-cultural or intematioavd. experience, or 
vho eue multi-lingual (e.g. , NASA Astronauts vho speak French, or vho have 
lived in Japeui) . Alternatively, NASA may choose to "manufacture” persons 
with such backgrounds by, for example, having its pilots live in Europe or 
Japan for several years. 

Another possible change concerns the personality profile of the idea 

Astronaut. In IOC, with small crew size, there will be a premium on 

persons vho are hi^ on interpersoncd. compatibility and vho relate well to 

others. Ihe conceit of interpersonal ccaipatibility, hcwever, is more 

applicable to snail grcx?)s of 6-8 than to larger groi;ps of 20-30. Rarely 

does one find a groi^) of 30 persons, eill of vhom are interpersonally 
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cxsonpatlble. Ihus, in SSOC, the emphasis on oonpatlbilitY may fade and 
give way to other inberpersonad skills, such as diplanacy. More 
generally, a researdty'design issue for IGVSA is to discover vhich personal 
attributes of crew members best serve to enhance linkages between 
subgroups in SSOC. 

Conflict and Crew Training 

Astronauts frcm different countries and reared in different cultures 
will hold different expectations regarding patterns of socied 
interaction. Althouc^ these may not affect the technicad cispects of space 
fli^t, some will seriously affect interpersonal sentimaits. For 
instance, respectful interpersonal treatment among the Japanese looks 
different ftxm that among the Americans or the French. Without adequate 
preparation, misunderstctndings will arise among crew members. NASA may 
wi^ to add r ess the inplications of this vhen training Astronaxits for 
SSOC. 


Emphasis throu^uut this section had been on avoidance of conflict. 

Even with the best preparation, however, some conflict will occur in 

SSOC. For this reason, NASA may wii^ to train crew members in conflict 

resolution techniques. When persons are under stress, seme forms of 

communication and negotiation are more effective than others (Pruitt, 

1981; Rubin and Brewn, 1975) . Useful conflict management skills in 

American society include: reflective listening, assertion skills, issue 

control, structured e)cchange regarding emotional aspects of a controversy, 

and collaborative problem solving (Bolton, 1979; Walton, 1969) . Whether 
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these techniques will work in a czoss-cultured context like the SSOC 
social system is an open issue. If they do work, may wish to incliode 
them in its training regimen. Their use could iixrease crew's 
effectiveness in dealing with interpersonal disagreements vhen they arise 
on board the Space Station. In sum, an urportant research/design issue is 
exactly vhat conflict resolution skills should be tau^t to crew members. 

COPING WITH ENVIIOlMEtnALLY-INDUC^ CRISES 
Crisis: A Definition 

As i:ised here, the term "crisis" refers to a circumstance in vAiich 
scstething threatens to destroy or iapair the sociad system on board the 
Space Station, and vhich therefore requires an immediate response from 
crew members (eis well as from Mission Control) to assure the continued 
functioning of the system. Crises can be precipitated by many different 
events. For instance, crises might result if: (a) a sudden leak or 
air-loss occurs, causing the cabin pressure to decline sheuply, (b) a 
sudd en loss of power occurs, (c) a crew member becomes seriously ill, (d) 
seme space debris collides with the Space Station, producing serious 
damage, (e) one of the bio-esqjeriments on boeu:d goes awry, releeising 
pathogens or contaminants that pose a threat to humans, or (f) fire en?Jts 
on board the Space Station. This list is illiastrative, not esdiaustive. 

Most of the events listed here are improbable, in the sense that they 

will occur only infrequently. However, the Space Station will operate in 

a perilous environment for a planned 25-30 years and, vhile the 

probability of a crisis on any given day may be lew, the odds of avoiding 
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crises are nudi less favorable over the full span of 25-30 years. 

t 

Although not inevitable, one or severed crises are probable during the 
operational lifetime of the Space Station. 

Normal Operating Mode vs. crisis Operating Mode 

The stixicture of many systems in nature is controlled by the manner in 
viiich the system mi^t fail (von Neumann, 1966; Weinberg, 1975) . In other 
words, natural systems often incorporate some precautionary measures to 
prevent failure, or at leeist to prevent a failure ftxm being leth 2 d. 

Social ^sterns also display this characteristic, and th^ often ocpe with 
crisis and fedlure by having severed distinct operating modes, such as 
"normed operating mode” vs. "crisis operating mode.” In normal operating 
mode, vhen the environment is not disrv^jtive, the social system conducts 
"tusiness as usual.” Human plans drive the action, and the emphasis is on 
productivity and performa n ce. Hcwever, in crisis operating mode, vhen the 
social system responds to environmented threats, there is a shift in the 
socied system's objective function. The predominant goed in crisis mode 
becomes that of assuring the very survival of the system, and activities 
are reorganized in terms of this goal. Environmentcd contingencies, not 
human plans, drive the action; persons in the system become more reactive 
and less proactive. 

Most likely, the ICX: and SSCX: socied systems will use several 

operating modes. They may even implement several distinct crisis 

operating modes, contingent xp»n vhatever t^pes of crises occur. 

Nevertheless, crisis management in SSOC probably will differ from that in 
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IOC, in psurt because the shift frca nonnal mode to crisis node will be 
more difficult to aoocnpli^ in SSOC than in IOC. 


Crisis Management 


Crisis Managem^it in IOC 

Crisis-nanagement is never eas/, but the characteristics of the IOC 
social system will eqiiip it well to respond to crises vhen they arise. 

Ihe smsLLl size euvi great homogeneity of the crew, the hcusing of the crew 
in a single habitat module, and the nature of the sv;?3ervisory-oontrol 
structure will enable the IOC system to switch quickly to crisis operating 
node from nomal operating node. In IOC, crisis operating node will (a) 
establish centralized ocaitrol of crew activities, (b) assure adequate 
information flew among members, (c) create the potential for clear, 
consensual decision-^making, (d) rapidly establish coordination among crew 
members, and (e) apply the greatest expertise available to the problem. 

In social ^sterns, these are desirable features under emergency 
conditions. 

The IOC's stpervisory-control structure, assumed to be patterned after 

a hierarchical "military cenimand model," will function fairly well during 

a crisis. Because cemmand is centralized, the ^stem will hold together 

and coordination of action will be attainable even under stress. The 

hierarchical structure will enable the IOC system to focus rescurces, 

restrict non-adaptive responses (such as argumentation or ccuntermanding) , 

and achieve an adequate level of ocmmunication among crew members. In 
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general. It can provide the hi^ level of interpersonal organization 
needed to respond to crises. 


Crisis Management in SSOC 

The SSOC socied. system will have more resources than the IOC system to 
deal with crises. For exairple, its hardware may have better sensors to 
anticipate crisis-precipitating events before they happen, its 
expert-system software may provide more accurate diagnoses of problems, 
and its crew may include a greater mix of skills useful during crises. 
Nevertheless, crisis-management in SSOC will present its own problems. 

The incidence of crises may be hi^ier in SSOC than in IOC, because there 
will be more things to go wrong. There will be more crew members to get 
sick, more area to get hit by space ddsris, more bio-e)^)eriments to blow 
ip, more on-board hardware to malfunction, etc. Mbreover, the 
orgemizatiovd. form of the SSOC sociad. system will make it more difficult 
to respond adequately to crises. The SSOC system may have more difficulty 
switching frcm normed. operating mode to crisis operating mode than the IOC 
system. 


The SSOC social system will be larger, more oorrplex, and more 

differentiated than IOC. Moreover, as noted above, sipervisory-control 

and decision-making in SSOC will be decentrad-ized in normad. operating 

mode. The presence of different nationality groups and of many Payload 

Specialists performing diverse tasks will create a heterarchicadL 

sipervisory-control structure. If a crisis aurises, the 

sipervisory-OOTtrol structure in SSOC must coordinate the response of 
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distinct subgroups living in different physical modules and pursuing 
divergent goads. Uiis task is not iirpossible, but it will be more 
difficult than in IOC. 

In all likelihood, a shift fram normal operating mode to crisis 
operating mode in SSOC will entail a giiick move from a decentralized 
heterardhiccd structure to a centralized hierarchical one. Failure to 
move back to a hierarchy during a crisis in SSOC will leave the system 
vulnerable. If the Space Station relied on a decentralized system during 
crisis, it would risk lack of coordination among crew members, 
less-than-cptinal d^lcyment of resources to deed with the problem, and 
perhaps even disagreement over the best type of response to the 
emergency. 


Althou^ a shift from heterarchy to hierarchy during crisis seems 
likely, the exact form of SSOC ccmmand during crises is an open 
researclv'<3esign issue. Danford et ed. (1983) have suggested that it would 
be appropriate to have control during crisis rest in the hands of a 
speciedized safety officer or "crisis leader." Ihis scheme has some 
merit, but it may edso create excessive conplexi'ty because that it 
requires yet another form of control beyond the heterarchy-plus-Mission 
Ocanmander stnjcture discussed above. A si:perior alternative mi^t be 
sitrply to reoentralize control during a crisis around the regular leader 
(Mission Commander) . 

Recentralization around the Mission Commander will work best if NASA 

trains crew menbers in specific skills for dealing with different types of 
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carises. Ihat is, sane crew menibers will be specialists in coping with one 


type of crisis and other crew members with another type of crisis. Ihxas, 
vAien a crisis occurs, two things will happen. First, crew members will 
coordinate around the Mission Cotimander; and second, the Mission 
Commander, assisted by those persons vho are specialists in the particular 
type of crisis at hand, will direct the efforts of the entire crew to cope 
with the emergency. This approach brings both special expertise and 
strengthened command to bear in a crisis. 

A related research/design issue concerns the use of AI and 
oonputerization to add decision-making during crises. Expert systems that 
diagnose the causes of hardware failures will be operationeLL increasingly 
as the Space Station moves from IOC to SSOC, and these may increase the 
speed and accuracy of the crew's efforts during crises. To scane degree, 
e}^)ert systems will be able to supplement (even sipplant) the knowledge 
and eipertlse of crew menibers. On the other hand, xise of AI systems in 
the anzilysis and diagnosis of life-threatening events raises the issue of 
trust — to vhat esctent will crew members trust software-based diagnoses. 
The vise of AI may affect not only how the crew is organized to cope with 
crises, but adso vhat mix of skills is (and is not) placed on board and 
how crew menibers are trained. These ar« matters that can be addressed 
throu^ research and design efforts. 

One final research/design issue coicems the inpact of 

conputer-nnediated cammunication during crises. As noted above, 

ooiputer-mediated ocommunication will be even more important and prev3dent 

in SSOC than in IOC. Whether ccmputer-mediated conmunicatian enhances or 
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inhibits satisfactory responses to crises is an open question. It was 
noted above that oonputer^roediated ocraraunication may be less effective 
than face-to-face ccniraunication for reaching consensus on issues vhere the 
•'correct” answer is not obvious. Sane crises on board the Space Station 
may have clear-cut diagnoses, but for those that do not, computer-mediated 
communication may prove more a liability than an asset in achieving 
adequate response fTon the crew. Ihe (in) effectiveness of 
computer-mediated communication during crises is an important research 
topic. 


SUMMARY OF RESEARCH AND DESIGN ISSUES 

T3iis paper has discussed issues that arise in the design of the SSOC 
social system. Attention has been given to three broad problem areas: (a) 
the characteristics of the SSOC supervisory-control structure, (b) the 
potential for conflict within the crew, and (c) the capacity of the SSOC 
system to respond to crises if th^ arise. Specific research suggestions 
are summarized below. 

Issues Regarding SSOC Supervisory-Control 

One ijtportant research/design issue for NASA is vhat type of 

supervisory-control structure will best serve the SSOC social system, in 

the sense of providing the greatest efficiency and hi^iest probability of 

mission success. There are a wide varied of supervisory-control 

structures that mi^t be deployed on board the Space Station — 
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hierarchical, equeditarian, heterarchical, etc. — and the exact nature of 
the system to be used is an open issue. 

It has been proposed here that the Space Station's si^jervisory-control 
structure will ta]ce the form of a hierarchy in IOC, and that it may 
subsequently shift in the direction of a heterarchy in SSOC. Hiis is 
really no more than a conjecture, however. NASA can make decisions 
regarding the form of si?)ervisory-control structure to be used in IOC and 
SSOC on the basis of tricLL-and-error or past ejqserienoe with space fli^t 
supervision. Alternatively, it mi^t make them on the beusis of reseauxh 
findings, such as those obtainable from simulations conducted on the 
ground. 


Specifically, it was suggested above that NASA mi^t conduct 
simulations to test various outcomes from different sijpervisory-oontix)! 
structures. These simulations would be done xmtder conditions that closely 
replicate those found in space — e.g. , hi^ stress, hi^ noise, 
restricted ccraraunication, 90-day duration, tasks simileur to those done in 
space, and so on. Major outccme measures include productivity levels, crew 
satisfaction, lack of conflict, adequacy of response to emergencies, etc. 
Multiple r^lications could be run on each of several edtemative 
sc?)ervisory-OQntrol structures using experimental designs. The results 
should provide a useful indication of hew the alternative 
sipervisory-control stanictures will perform in space. 

One design sub-problem is to determine the appropriate division of 

control between Space Station crew and Mission Control on Earth. One 
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concrete neuiifestation of this problem is the issue of ^ould have 
control over the crew's day-to-c3ay task assignments. Various suggestions, 
including the use of AI project planning software to acccarplish task 
assignments, were discussed. 

A second design sub-problem is to determine the appropriate division 
of control within the Space Station's crew. ITesumably the Taisk 
Specialists in SSOC will be afforded some degree of independence with 
regard to their particular activities, but the exact range is unclear. 

The Mission Commander's role during SSOC will likely shift toward 
coordination of other's activities, but the exact definition of the role's 
prerogatives and powers is problematic. 

A related issue is the selection criteria regarding crew officers; 
this matter is made more complex by the incliasion of crew members from 
other ^)ace agencies (Japan, Europe) . Whether the role of Mission 
Commander will be restricted to NASA Astronauts or open to crew members 
from other countries is a research/design issue that NASA mi^t address. 

Issues Regarding Crew Conflict in SSOC 

The risks of interpersonal, and intergrxacp conflict will be greater in 
SSOC than in IOC. This is true in part because the SSOC system will 
include many subgroups with distinct identities (Task 

Specicilists/Astronauts; and USVJapaiVEurope) - The broad research/design 

question for NASA is vhat safeguards to build into the SSOC system to 
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recauoe the probability of overt conflict occurring, and to resolve 
conflict if it occurs. 

A wide variety of steps can be taJcen in the design of the SSOC system 
to reduce the probability of conflict. Some discussed in this paper 
inclvide: 

(a) Specify objective function(s) for the SSOC crew such that the 
attainment of gocLLs by one subgroup does not prevent the attainment of 
gocds by other subgrcxp(s) . J^jproaches to this include the use of 
si;perordinate goeds and game-theoretic analysis of subgroi:^ interaction. 
One rplementation mi^t involve ocnputer software (project scheduler 
routines) to optimize not just productivity but edso grxxp overlap. 

(b) Incorporate boundary-spanning roles in the SSOC social ^^tem. An 
open question is hew to interface these roles with the activities of the 
Space Station's Mission Commander and other officers. 

(c) Stnicture interpersonal contact among crew members to promote 
cohesive, non-polarizing relations across the subgrotps in SSOC. Crew 
metnbers mi^t be eissigned tasks with ein ^e to creating interdependence 
emd cross-linkages between nationadity groups. Likewise, module living 
and sleeping assignments mi^t be made to promote contact across 
nationality groips. 

(d) Use of the ccramunication media on board the Space Station to 

premote non-polarizing interpersonal contact and cross-linkages between 
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meoadsers of subgrcxps. OanputerHoaediated osmiunicatian is especially 
problematic in this respect, for it may worsen, not improve, the prospects 
for intergrotp conflict. NASA may widi to develop seme rules or 
••etiquette” regarding use of cenputers for ocinmunication. 


(e) Vlhen moving from IOC toward SSOC, NASA may need to make seme 
adjustments in the criteria used to select crew metnbers and in the content 
of Astronaut training. In this regard, a researdVdesign issue for NASA 
is to discover vdiidi personal attributes of crew menbers best serve to 
enhance linkages between subgroips in SSOC. Another issue is to deterndne 
vbat conflict resolution skills should be tau^t to crew members. 

Issues Begarding Response to Crises in SSOC 


The SSOC social system may have more difficulty than the IOC system in 
m obil izing to deed, with various crises and emergencies on board. This 
will occur not only because SSOC is a larger system, but also because it 
is more heterarchical in form with decentralized decision-making. Ihe 
broad reseeuxh/design question for NASA is hew best to structure the SSOC 
socied system so that it can mobilize adequately for crises. Some writers 
have suggested placing oontrel during crises in the hands of a specialized 
safety officer or •’crisis leader.” This proposad has some merit, but a 
better adternative may be to recentradize control around the regular 
Mission Ccramander. NASA may wish to investigate this reseauxh/design 
issue more closely. 


741 


Moreover, NASA nd^t investigate the use of AI e^qjert systems to help 
deal with crises — the software system becomes the crisis advisor, 
assisting or even si^lanting hxman decision-making. Use of e}q)ert 
systems in this context may iirprove diagnosis of the problem, as well as 
increase speed and accuracy of response to the emergency. 

Finadly, NASA may wish to investigate the (in) effectiveness of 
cxmputer-media t ed canmunication during crises. Whether computer-mediated 
ccsnmunication enhances or inhibits responses to crises is an open 
question. Sene crises on board the Space Station may have clear-cut 
diagnoses, but for those that do not, computer-mediated communication may 
prevent or dimini^ an adequate response from the crew. The effects of 
computer-mediation on communication during crises merits scrutiny. 
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a»IFLICr AND STRESS IN THE SPACE STATION: 

A OCMMENIARy C»I THE MICHENER AND OOOK PAPERS 


DRAFT 

HOT FOR DISnilBiniON, 
ATTRIBUTION 
OR OUOTAT10N 


The priinaxy question both Michener and Cook's papers are concerned 
with is the iirpact of social factors on the performance of human groi:^ in 
manned vehicles in space missions of long duration. comments first 
address some issues raised by Michener. Then I turn to selected portions 
of Cook's paper. Finally, I make some general observations and conclude 
by arguing that a need exists for a systematic data base on social system 
processes based on past long duration space flints. 


CCMMENIS ON MICHENER'S PAPER 


The theme of Michener's paper is the impact of social system factors 
on the management of system conflict. He aisserts that eis crew size 
increases, crew conposition becomes more varied, system goals beccane more 
ccstplex and diverse and onboard cu^ificied. intelligence and 
cxaiputerizatioi increcises, the likelihood of c^itrol and conflict problems 
will beocmne greater because of social system failxores. Such failures come 
about in part because of the greater ccaaplexi'^, differentiation, and 
decentralization that is created by changes in crew size and ooaiposition, 
technology, and goeds. 

As Michener notes, the space station crews confront a perilous 

environment and one that they must deal with largely on their own 

(Michener does not mention but is no doubt cognizant of the fact that 

under the current design there is no way a crew menber can return to earth 
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in eui emergency, since there Is no escape vehicle ) , relative isolation, 
and a long period of time in space, i.e. 90 days. Ihe SSOC system will 
have to deal with very complex supervisory control problems, the risk of 
intergroip conflict, and the necessity of coping with serious crises. 

One contributing cause of conflict in the space station, according to 
Michener's aralysis, is modulari^. Modularity refers to a social system 
composed of multiple and distinct subgroups. Miohener claims that moduleo: 
systems may be particularly vulnerable to conflict, miscoordination, lack 
of cooperation, and mistrust. 

Because space station must function in such a perilous environment it 
is vul n e r able to the risk of exogenous shock, that is, an uncontrollable 
event. More complex social systems are presumably less capable than less 
complex social systems of coping with such ejojgenous shocks. 

Naturally, one of the first questions one eisks vhen confronting a 
theory such as this is hew does it square with the available evidence, 
reedizing that most evidence is earth-based and therefore only peu±ieuLly 
relevant or relevamt to an indeterminate degree. There is, however, 
additioned evidence, also of limited or of indeterminate value, that may 
be obtained frcmi observations on group performance in long duration space 
flints that have adready been undertaken. Unquestioneibly, there is a 
need for add itional systematic reseauxh on the problems of group conflict 
and performance in the space station. 
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Effects of Grxxp Size and Carple>dty 


Michener suggests that SSOC Is likely to es^serience greater conflict 
than earlier missions, In part, becavise the socled system will be larger 
and more corplex. Hcwever, the evidence on the effects of grxxp size Is 
not unlfozm. There is no dcubt that as groi^ size lncre^uses the potentled 
number of intragrxx?) relations multiplies. But the effects of grot?) size 
on factors such as member commitment, cooperation, and group performance 
are unclear. For example, Michener suggests that largei^-sized grotps have 
wea3cer member ocramitroent than smaller-sized ones. However, Doll and 
Gundersen (1969) studied Antarctic grotps and found that perceptions of 
members of ccnpatibility wesre more favorable in larger (size 20 to 30 
members) thaui smaller grotps (size 8 to 11) . More recently, Yamaglshi 
(1986) studied laboratory-created grotps of size 2, 6, 11, 51 and 501 in 
order to stui^ sociad dilemma or public good situations.^ Subjects were 
told they would be given $5 and would be 2 isked to give any number (0 to 5) 
of one dollar bills to others in the grotp (grotp condition) or to matched 
participants (give-away conditicai) . Yamagishi found that once grotp size 
exceeded ten, a d di t ionad size increaises haul no effect on member 
contrikution level. The point is that eaurth-baised studies of the effects 
of grcip size on both utilitaurian and affiliative type grotp goads have 
not produced uniform findings. 


Conflict 

Michener is not specific about the .caiases of conflict, but the close 

interactionad situation in the space station provides the potentiad for 
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see m i n gly mincar events to stimilate interperscml hostility. For exanple, 
there is voting to gain access to the toilet. It longer to xise 

zero-g facilities and space constraints will mean a limited number of 
toilets. Hence, long Wcdts especially vAien waking 1 : 5 ) may be ccatmon, and 
questions of priority may produce conflict. 

As Michener points cwt, since no large social system has been 

establis h ed in space, there are no cdtematives but to develop 

generalizations based on earth-based groi?js. However, potentially 

suggestive information may also cctne from extrapolating fixm observations 

on s m a l ler-sized groi^)S that have been in space, such as S]ylab. Pogue, 

(1985) a Slylab astronaut vho spent 84 days in space, has written a bock 

describing seme of his experiences. Two othera accettpanied Pogue on his 

long mission, the Qommander (Carr) and the Scientist Pilot (Gibson) . 

Pogue r^rted that overall the crew got along well together and that th^ 

had so many equipment problems that they "had to help each other often. 

We had good team ^irit.” Very little space in his book was devoted to 

the subject of interpersonca conflict. In response to a question on 

fights and arguments among the crew, he observed: "Wfe didn't have aiy 

fi^ts, and there was only one argument that I can recall. It had to do 

with a change in procedure, and the instructions were very vague. We 

resolved this by trying the procedure to see if it worked, we never got 

truly angry at each other, but we were frequently ipset with or had 

disagreements with seme people in Mission control. We were all trying 

hard to get a jcb done, so there was probably fault on both sides at one 

time or another" (Pogue, 1985:67). These comments suggest first, that the 

crew was reasonably well— integrated and sipportive of one emother, cind 
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second, that gnxp identification was to some extent strengthened as a 
product of antagonism toward Mission Control. 

Pogue recounts only one incident that took place between him and the 
Scientist Pilot that could be characterized as a disagreement; "I think I 
v^sset Ed Gibson one day by putting his ice cream in the food wanner and 
leaving his steak in the freezer. I really felt badly about it. He 
couldn't eat the steak because it was still frozen hard, and the ice cream 
had turned to milk. He had to dig out some contingency food to eat. 

There wasn't too much conversation at dinner that ni^t. He salvaged the 
ice cream by refreezing it. In liquid form it had turned into a big 
hollow ball. The next day, after it refroze, he stuffed it full of 
freeze-dried stravherries and had the first stravherry sundae in space" 
(Pogue, 1985:67) . Attention to these oomments is called ntainly to suggest 
the need for collecting and aralyzing systematically social system data on 
conflict edready collected frcm long duration missions, such as Skylab and 
Salyut. Ansdysis of these data may help in identifying potentisd socied 
system sources of conflict on space station. The Russians have tad a 
snail space station, Sedyut 7, in orbit for sdmost five years and have 
manned that station periodically since then. About a year ago they 
laimched the first element of a modular station vhich is designed to be 
permanently manned. Bluth (1984) has reported on Soviet evidence of 
strong interpersonal hostilities among the crew on the Sedyut missions. 
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Mission Length, Conflict, and Es^iectatlons 


As Michener notes, the projected length of space station missions is 

90 days. Another reason for carefully examining groip factors in the 

Carr-6ibson-Pogue Skylab mission is that its length was 84 days or almost 

the same as the proposed space station missions. As noted above, the 

Russians also have oonopleted long duration missions that are of interest. 

Iheir eoqierience with such missions exceeds ours. Michener argues that 

the long length of the space station missions may lower crew tolerance and 

encourage greater subgrcxp conflict. However, Pogue (1985) and the New 

Yorker report (Cooper, 1976)^ both note that mission length did not 

constitute a problem on Skylab in the sense of elevating interperscml 

tension. Ihe crew apparently did get very disturbed vhen Mission Control 

proposed near the end of the misslcai the idea of lengrthening it. It 

appeeuied that two factors contributed to the crew's strong dissatisfaction 

with this idea. First, the crew was trained and geared from the start for 

an 84 day mission. They had prepared themselves both mentedly and 

physically with this period of time in mind. Haioe, a proposed change in 

the schedule greatly vpset their expectations and wzus 

dissonance-euxusing. Second, and relatedly, the very fact that it was 

raised as an issue by Mission Control at the crucial point in the mission 

may have seriously undermined the crew's sense of personed. control over 

their actions. These were very proud and extremely capable individuals 

with a strong sense of personcd autonomy. The ti^t daily scheduling of 

their actions and the dose observation and monitoring of even minute 

aspects of their bdiavior over a long period of time may have beai 

threatening and stress-arcusing to these competent and autoncnious 

761 



indivldueds. The cxarpositlon of these grxx?» and their training was 
designed to mibe social system conflict, pranote strong grtxp integration, 
and strengthai identification with the groi^ goed. or mission. Hcwever, 
such strong identification with the grxxp goal may inhibit 
extenvdly-induced changes in the mission. Presumably any such changes, 
if group resistance is to be avoided, must involve a participative process 
worked out in advance. 

In addition to this issue of vhether or not greater size and 

differentiation actually contribute to greater group conflict, there is 

the matter of the oonseauences of such conflict for group functioning, and 

in particular, productivi^. Michener assumes that conflict will increase 

with greater differentiation and oonplexi^, and furthermore, that 

conflict in general is detrimentcil to group performance. Ihere is not a 

great deal of evidence on this, and vhat exists, is earth-based. 

Miohener, like most students of conflict, sees conflict as creating 

diseguiilibrium in the system. Conflict may cause a "breakdown in decision 

making" (March and Simon, 1958) , that is, it is a malfunction and is 

negatively valued. However, other socied scientists, such as Ooser (1966) 

look at certcdn kinds of conflict as a source of equilibrium and 

stability. Ooser argues that a multiplicity of smedl conflicts interned 

to a group may breed solidarity provided that the conflicts do not divide 

the group edong the same axis, because the conflict coalitions provide a 

place for exchanging dissenting opinions. In essence, he claims that some 

conflict or disagreement is inevitable and that it is better to foster 

minor conflicts of interest and therety graduedly adjust the system, than 

to allow for the accumulation of many latent deep antagonisms that ocudd 
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cxxnpletely disngrt: It. Ooser notes that frequent small cxsiflicts keep 
antagonists informed of each other's position and strength and hence 
prevent a serious miscalculation on the part of either party. In a 


similar vein, Lipset et 2 d. (1956) in a study of the International 
Typographer's Iftiion showed how instituticrally-regulated conflict between 
the two political parties in the union actually fostered a democratic 
climate and organizational stabilily. Li3cewise conflict between modules 
may take the form of healthy coirpetiticn and this may enhance overall 
productivi'^. Thus, oraiflict and oonpetition are not inherently 
(^functional as Michener suggests. Ccaitrary to Michener's apiareach, this 
perspective suggests that a key issue is not merely hew much ccsnflict 
ta k es place, but the exanditions under vhich cxnflict cxxwrs, for example, 
the extent to vhich it is norroatively regulated and cxantrolled. 


crew Rotation 

Michener mentiesns only briefly that rotating crews under extended 
(duration space fli^t may effect their functioning. The effects of 
rotation, suexaession, or turnover, merits more (detailed treatment. There 
is a substantial literature can this tcapic concerning the effects of rate 
of succession on groi?) and managerial effectiveness (e.g. See Grusky, 
1963, 1964; Brewn, 1982) . Practical research (questions include: optimal 

mission length, optinal method of crew rotaticxi (replace indivi(Su 2 ds, 
subgrexps, or total crews) , (cptimal methexi of lea(3er rotation, etc. 
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C3CMMENTS ON CXX)K'S PAPER 


DRAFT 

::oT FOR ounwi™*. 
ATniwnoi 
OR QHOTATHM 

Oook's ps^)er is ooncerned first of adl with stress and the 
relationship between stress and productivity. In addition^ she examines 
the issue of mediated cxmonunication, particularly ccmputer-mediated 
ccnmunication and its effects on productivity. 


Stress 


Cook proposes that space be used as a site for basic research on 
stress. She points out that reliable and valid non-ptysical 
health-related measures of stress are lacking. Space station is a good 
site for stress research, she claims, because there are so many stressors 
in space, such as crcwding, noise, workload, and life-threatening crises. 
She describes a model of stress produced by interperson 2 d. factors such as 
inequitable eissignment of rewards, task or role ambiguity, arbitrary 
exercise of authority, and others. Cook wishes to oatrplement 
physiologiced and psychological stress research ly investigating social 
system prcperties of stress, eui approach that has not been heavily 
utilized in the past. She adso wants to eo^lore adc^>tive groip strategies 
for coping with stress. She proposes the intriguing idea of developing a 
ocnputer-aided system to rectijy cognitive processing deficiencies that 
appear under hi^ stress levels. However, one of the problems with stress 
measurement is that so many factors can be stressful that objective 

quantitative measurement is difficult. 
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Gender and Stress 


Althou^ to the present space missions have been nale-dominated, it 
is evident that future missions will involve more female astrraiavtts and 
mission specialists. Research in psychiatric ^idemiology has 
consistently documented an association between gender and psychological 
distress. Wcnen are more than twice as likely as men to report eiffective 
disorders and extreme levels of distress (Al-Issa, 1982; Kessler and 
McRae, 1981) . Althcu^ male prevalence of sane psychiatric disorders is 
greater than females and for some disorders there is no reported 
association with gender, the best available evidence indicates that the 
psychological well-being of women is different than that of men. 

Ihe major sociological interpretation of this evidence is that women's 
roles expose them to greater stress than men's (Gove, 1978) . Gove (1972) 
has clai m ed that female role stress is especially pronounced in 
traditional role situations. 

A number of investigators have shewn that women are more vulnerable 

than men to a range of vhat have been called network events, that is life 

crises that are significant to the lives of persens iitportant to the 

respondent (Kessler, 1979; Radloff and Rae, 1981) . Kessler has proposed 

that wemen care more about people, and because this is the case, they are 

more vulnerable to crises that take place "at the edges of their caring 

networks." (Kessler, 1985) . Men are emotionally affected by crises that 

occur within their nuclear family, but women are more deeply affected by 
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both crises among members of their nuclear family and among persons vdv) 
may be classified as friends and associates. 

Ihere are a number of major limitations in the analysis presented 
above: 

1. The findings shewing a relationship between gender and psychiatric 
distress and subclinical distress can be ei^lained by selection 
factors. 

2. Most of the evidence on role-related stresses has been based on scales 
using subjective evaluations. 

3. Evidence on the differences suggested between men and wcanen cledming 
that the latter are more vul n e r able to crises in their networks is 
sparse. 

De^ite these limitations of vhich Cook is well aware, this 

information and the sfpeculations described above raise seme potentially 

inportant issues regarding long duration space missions. Specifically, 

one issue is vhether or not male and female crew members will take on 

different roles and respond differently to crises that may take place in 

the space station. Kanter (1977) has studied the lone woman in 

male- dom i n ated work organizations as part of her stuc^ of vhat dhe calls 

"skewed sex ratios." She heis distinguished between dominants and tokens 

in these organizations and suggests that (1) tokens are more visible than 

dominants (2) differences between dominants and tokens tend to be 
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polarized and (3) tokens' attributes tend to be "distorted to fit 
pre-existing generalizations about their social t^pe." At issue is the 
effect (if any) of the gender distribution in the gr(xp on cosnmand, 
control, and oonomunication processes. It may very well be the case that 
selection factors that have to now worked well in identifying crew 
members callable of handling stress will continue to work effectively in 
the future. It is also reasonable to anticipate that besides selection 
effects, situational effects will be overpowering and hence the gender 
differences suggested above will be masked. Alternatively, it may be that 
the larger-sized groi^ in space station 1990s combined with the existence 
of a "skewed s^ ratio" (Kanter, 1977) in work groi?3S will have 
problematic impacts on group functioning. Research is needed to explore 
these and related issues. 


Conpiter'4iediated Cammumcation 

As Cook has observed, the social consequences for systems of long 

duration vhere the primary communications are ccsiputer-mediated are simply 

unknown. As Cook notes, the recent finding by Siegel et al. (1986) that 

oonputer-mediated ocmmunication facilitates the upward flow of negative 

oonnunications or information that challenges those in hi^ status 

positions merits r^lication. This problem also should be studied 

developmentally to see if changes occur as groups exist over long periods 

of time. Another related problem that merits stuc^ is the potentied 

impact of cultural differences cn computer mediated communication. People 

of different cultural bacJogrcunds may respond in radically different 

ways. Such differences if found could be consequential to communication 
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between the veuricus space station modules, the Japanese, European, and 
that of the Uhited States. 

Coble cites Connors (1985:32) research as justification for the 
preposition that "carputer mediation may mitigate the inhibiting effects 
of face-to-face ccranunication >hen "subordinates” have access to critical 
information and may need to chzdlenge authority." However, Connors' 
grcK;ps be^ur little resemblance to the environment experienced by peist long 
duration space flints or presumably will be faced by future fli^t crews, 
such eis wei^tlessness, continuous peril and public exposure, continuous 
hi^ task-load, small amounts of space per person, etc. Moreover, the 
idea of challenging authority and attitudes toward work are 
culture-bcund. Hence, even if the findings were applicable to the united 
States' space module, they would not necessarily be as applicable to the 
Japanese or European modules. 


CmCIUDING CCMMENIS 

Most of the oonments in the two papers focus on ixegative effects such 

as conflict, stress and misccrarnunication. Michener stresses the perilous 

environment, the possibili'ty of conflict between modules, human error 

possibilities, and breakdown possibilities that stem frxam the 

sophistication of the technology. Michener neglects the potential 

positive contributions of small conflicts and competition to group 

functioning providing that such conflict and competition is 

institutioralized emd is expressed in legitimate ways. Cook focuses on 

the problems of decisioral and interperson£LL stress. Yet, in contrast, 
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vAxat was hi^ili^ted in the narrative reports, both by Pogue (1985) and 
The New Yorlcer (Cooper, 1976) accounts, was the relatively smoothness of 
interpersoral relations among the Skylab crews, their hi^ motivation, 
hi^ productivity, hi^ goal identification, and grotp commitment. 

Perhaps these reports have been ’’sanitized". In any case, it is clear 
that the social system iitpacts with respect to conflict and stress are 
unknown, adthou^ we do knew that these factors can have conseguential 
effects, and as Michener suggests, increasing social system cenplexity may 
enhance the likelihood of sociad system problems. 

Both the Cook and the Michener papers stress the iitportance of social 
organizational factors on productivity or performance. Cook calls 
attenticai to the work of Feushee (1984) vho has used fli^t simulators to 
stuc^ grofcp process. Foushee cites a study by Roffell Smith (1979) vho 
had B-747 crews fly a simulated fli^t from New York to London. A failed 
engine, hydraulic system failure, poor weather, and other problems created 
an emergency situation. Feushee observes significantly that "Perhaps the 
most salient aspects of this fli^t simulation stuefy was the finding that 
the majority of problems were related to breaMcwns in crew oooTTj^ nation, 
not to a lack of technical kncwledoe and skill ." Research on social 
factors affecting grxxp conflict, stress and other related issues as both 
Michener and Cook have observed, is essentied. 


In summary, four major observations were made on Michener ’s paper, as 
follows: 
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1. 


Findings £ixni earth-based laboratory and field research on the effects 
of group size and ocnplexity on task performance have produced 
inconsistent results. 

2. Michaier's sociad system theory suggests considerable potentied for 
grcxp conflict on the ^>ace station. However, narrative accounts 
describing a Shylab mission do not conform to this theory. 

3. Michener's theory assumes that conflict and conpetition (seen as a 
form of conflict) has only deleterious consequences for social systems 
and this may not be the case vhen conflict is institutionally 
regulated. 

4. Michener omits extensive discussion of problems associated with crew 
rotation. 

The following observations were made on Cook's pap^: 

1. The developnent of new methods of measuring stress and coping 
techniques are needed. Existing data on S)<ylab crew b^iavior should 
be examined in order to identic effective interpersoral coping 
strategies, that is, techniques that crew members have used that 
reduced, controlled, or made stress more tolerable. 

2. Resea r ch is needed to e}q>lore systematiccdly the relationship between 
gender, group structure, and stress. 
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3. Research is iieeded on the social impacts of cooputer-mediated 


cxOTnunication. We need to knew the positive and negative oonsequenoes 
of cxarpiter-mediated coracunication for individual and group decision 
processes. Cook has identified a set of hypotheses that nerit 
intensive stuc^. 

Seme of these problems can best be studied by means of human 
simulations vhere the space station situatiem is simulated in the 
laboratory by means of a mock-ip and human crews of ei^t to ten or even 
twenty volunteer subjects are studied continuously in the laboratory for 
long periods of time. Ihe crews would be given carefully assigned tasks 
as similar as possible to those to be performed by space station crews. 

Ihe noise level is manipulated as are living conditions to approximate as 
closely as possible the reed situation. Ideedly, one would develop a set 
of experimental studies using the simulation method vhich wculd enable the 
close stu^ of the effects of Independent variables such as authority 
structure on crew productivity, performance, and satisfacticn. Ihe same 
technique could be enplcyed to examine the effects of various methods of 
crew and leader rotation. 

A fundament£d research reccmmendaticai should be added to those noted 

by Michener and Cook, namely the need for development of a systematic data 

base in the area of groip performance of past (and future) astronauts in 

long duration space missions. Such a data base is especially needed 

because the space station is a unique environment due to the interaction 

of a very unusual set of characteristics such as wei^tlessness , constant 

danger, restricted or cemputer-mediated communications, hi^ stress due to 
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noise, and other envircootiental hazards. Valuable althou^ limited 
information can be obtained &cni studies of soci2LL systems facing quite 
different but presumably conoparable situations such as polar environments 
and long duration submarine missions. Hence, there is a great need for 
data on this particular t^pe of social system that is unique to long 
duration space missions. Ihe types of data that should be inclxaded in 
such a data base are demographic information on the astronauts, 
performance data, and perhaps most inportant of all, audio and videotexes 
of missions, such as the three-person Sl<ylab missions discussed above. 
Research access to these tapes would facilitate development of new 
measures of stress and conflict and their relationship to decision 
processes and would permit stxjdy of microgro t x processes such as 
initiation of interaction, rates of interaction, and measures of power 
(such as intemptions, talkovers, and overlaps, etc.) . Ihe hope is that 
NASA mi^t be convinced that a data bcise of this kind would be a valuable 
research resource for them and that such a data bcuse could be asLCMaanhi 
and the data analyzed in such a manner cis to conceedL appropriately eis 
necessary the identities of particular astronauts and their specific 
missions. 
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NOTES 


1. Ctoviously Yamagdj^ did not careate actual groups with 501 irettibers in 
the laboratory. Instead, he eillcwed no cxanraunication or contact 
between subjects, viio were isolated from one another, and told them 
the number of persons in their ''group''. No data were presented on the 
validity of this manipulation. 

2. The New Yorker account edso suggested that the three-person svy l a b 
crews varied substantially in their productivi"^. One major 
determinant of this variation was hew much was damarrigrf of them by 
Mission Control. When a point was reached that seemed to the members 
of the crew to overtax their capacity, they conplained and Mission 
Control reduced the workload. 
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DRAFT 


SOCIAL FACTORS IN FRODUCTIVITY & PEKFORMANC 


FOR DSTRIBUnON, 

SCEPSIS OF GENERAL AUDIENCE DISCUSSION ATHHOimOII 

ORQUOTATKM 

IXie to time limitatlans only a brief discussion of the papers in this 


sessicn was possible. Two main ccBoaments on these papers were made, as 
follows: 


1. It was pointed cut that neither of the papers considered the 
relationdiip between the airborne or space station crew and the 
larger communi^ that participates in the operation of the 
station. The role of mission control, for exairple, was not 
mentioned and merits careful examination. The edrbome crew does 
not exist in isolation and reflects the objectives of the larger 
organization and of the nation (or nations) as a v^le. Mission 
control is in constant ccrainunication contact with the airborne 
crew and serves important functions with regard to its safe, 
effective, and efficient operation. 

2. It was suggested that the extant literature on social system 
behavior in a number of other analogous "hostile” environments 
such as xandersea or in Antarctica be reviewed carefully for 
information that mi^t be releveuit to the situation of 
long-duration space missions. 
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INIRDDUCnca^ 


SHAFT 

w FOH OSIJBBUnON 
AnsfimoN 
OH mTAim 

Ihrou^iout the history of the space program, there has been a 
dichotaty of opinions on the relative inportance of manned and unmanned 
(i.e. , robotic) applications. I»itil the arrived of the shuttle, manned 
and unmanned operations occupied different sections of NASA Headquarters, 
involved different groups of NASA field centers, and were generally viewed 
as cenpeting for the limited funds available. There were (and still are) 
areas, such as planetary e^q^loration, vhere there were no viable options 
to the use of unmanned systems. The arguments, rather, tended to the 
utility of humans in space, and the cost of replacing each of their 
functions with robotic alternatives. 

Any self-<x3ntained device performing a useful function in space, 
vhether a human or a robot, must contain the same set of basic fuixtions 
to adequately perform the mission. In many cases, of course, the mission 
is actually constrained to work around the limitation of the 
state-of-the-art in one or more of these areas. These basic functions for 
autoncaoy inclvide: 

Sensation In order to operate on the loccd environment, a system 
requires sensors for detecting objects. These typically 
break down into remote sensors (such as vision or other 
ranging systems) and proximal (such as tactile and force 
sensors) . 
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Ccnputaticsn 


Manipulaticsn 


locxanotion 


Having the capability to detect objects does not translate 
directly into the capabili'^ for manipulation. 

UnderstaixlLng the spatial relationships, having a kncwledge 
base of both general activities (tools, forces and motions) 
as well as specific kncwledge (specific satellite design 
details) eure necessary for effecting a conplete system. 

This area has trailed the others considerably, as many of 
the original ^ce objectives did not involve manipulative 
activities. Manipulation to date has been performed by the 
sampling arms of the Surveyor and Viking landing spacecraft 
in small scale, and by the Eemote Manipulatc»r System of the 
buttle in larger scale. None of these systems has involved 
any appreciable dexterity in either the arms or the end 
effectors. Nonetheless, this area is pivotal for future 
space activities, eis it relates to the capability of the 
spacecraft system to interact with, and to alter, its local 
environment. 


This is a necessary function, often relegated to a 

supporting role. The capability to maneuver around in 

space, either on an existing structure or in free space, is 

required for any robotic system to be generally useful. It 

mi^t be anticipated that space systems will evolve a wider 

range of locanotive capabilities than humans have evolved in 

a gravi-t^ field. For example, legs on a human provide both 

locomotion and anchoring functions. In the microgravity 
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envlTGonent of space, loocaonotlon ml^t well be relegated to 
the equivalent of arms, viiich have the finer descterity and 
force control required in the absence of daitping, and 
anchoring left to sets of specialized manipulators with 
strength, but little other capability. Ihrusters for 
free-fli^t propulsion will also be ccmmon, at least for 
those situations not constrained to minimize use of 
consumables. 


Si^jport This category includes all the other functions necessary for 

the system to exist. This would Include power, cooling, 
stsaictural integratiai, navigation, and ocaranunications. 

It is Interesting to examine a known autonoBnous system (a human) in 
the context of these functions. The head is the sensor platform, located 
in the optimal location for bipedal loconotion. Ihe oonputational system 
(brain) is oo-located with the sensors in the head, to minimize the length 
(and vul n e r ability) of the hi^-bandwidth data paths, particularly 
vision. Hie arms form a dexterous manipulative system, and the legs 
similarly perform locomotion ta^. Hie torso thus encotrpasses most of 
the support functions, as well as tying all of the other systems together 
in a self-contained unit. Hie human body is thus a wonderful exanple of a 
possible design for a robot. However, the human paradigm should not be 
extended too far, as many of the optimal ohoices for a system vdiioh stands 
erect in a gravity field may have little logioal ajplication in a system 
optimized for wei^tlessness. 
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Ihe taisk, therefore, is to ccme to an understanding of the peist and 
present roles of hunens cind inachines in space activities, and extrapolate 
to the future to cone to a meaningful understanding of the capabilities 
and limitations of each. In fact, it is worth emphasizing at this point 
an essenticil conclusion of this paper; it is not an ”either-or” choice 
between humans and machines. There are necessary and sufficient roles for 
both in the foreseeable future in space. 

mSTCRICS^ PERSPECTIVES FRCM SPACE FLIGHT 

With the limited payload capability of early launch systems, there was 
no viable edtemative to the use of unmanned satellites. These early 
payloads were ocnposed of sensor packages, communications gear, and 
si:{:port systems, and were required to do nothing more than cbserve/toeasure 
and r^ort their findings. Even today, many of the satellites being 
la\mched to orbit are still limited to these functions; for the purposes 
of this paper, these systems may be considered to be subrobotic systems. 

It seems clear that the original Intention of the Mercury program was 

to use the humans as an e^q^erimentad. subject, in order to stu^ the 

effects of spacefli^t on humans. The choice of eiiperienoed military test 

pilots for Mercury astronauts led to sane predictable dissatisfaction with 

this role, and the desire for incorporation of manual control capability 

in the vehicle. This led to the \ise of the human as a controller, albeit 

primarily in the backup mode. A case in point was the Mercury attitude 

control system. The primary system was an automatic one, vMch maintained 

the capsule in retrofire attitude during orbital operations. A second 
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selection was "fly-ky-wire”, in vMch the astronavit could ccanmand attitude 
maneuvers ty use of a side-stick controller, vMch would then be performed 
by the attitude control system. The final mode, however, was purely 
manual, as the astronaut actuated jxr^-pull rods vdiioh mechanicadly opened 
and closed thruster valves. 


This issue of humans as the final back-vp is a pivotal one. For 
exanple. Mercury was a sinple spacecraft, designed primarily for a single, 
sequentiadly organized mission. It carried no on-board ccsmputer, but 
instead relied on activating systems at set times on a mission clook. 
C3ontingencies, such as the decision to enter without jettisoning the 
retrcpack on John Glenn's orbital missicai, relied on manual activation of 
retrofire commands to prevent the sequencer from automatically separating 
the retropack following retrofire. Thus, throu^iout the Mercury program, 
the human represented the adaptable (reoonfigurable) element of the 
Mercury control system. 

The Gemini program was an interesting "backwater" of ^ce fli^t 

developnoent. Originally conceived as a Mark II version of the Mercury 

capsule, Gemini was developed eis eui interim progr a m to increcise space 

fli^t experience vhile waiting for the development of the J^llo system. 

Since it represented to some am evolutionary dead-end in manned space 

fli^t, the manned elements were permitted to have unusual sway in tlie 

systems development. Thus, vhere Mercury was largely automatic, Gemini 

was edmost entirely manuad. It mi^t indeed be argued that, more so than 

any other space program before or since (including Shuttle) , Gemini was a 

pilot's spacecraft. There were no automatic abort modes: the crew had to 
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the apprcpriate action based on the reports of the instruments. 

Fbr the first time, a ^ce vdiicle could be accurately described as a 
spacecraft, since Gemini had the capability to change orbits and achieve 
rendezvous. Ihe crew had windows \diich faced forward, and hatc h es vAiich 
could be opened and closed again in flight. Even in landing, the vdiicle 
was positioned to allow the crew to sit i:pri^t, and much developnent 
effort took place towards a Rogallo-wing recovery system viiich would have 
allowed Gemini to maneuver to a landing on the dry lake bed at Edwards Air 
Force Base. 

Even in the midst of this manual spacecraft, additional elements of 
autcanation had to be incorporated. Ihe Gemini was the first spacecraft to 
fly with an on-board ccoonputer, used for calculating rendezvous maneuvers 
and for control of the lifting reentry. Althcu^ many of the procedures 
used for rendezvous and docking were manued in nature, the ocnplexities of 
orbital mechanics required the xise of ground or on-board computer 
calculations; the crew were primarily used as interpreters of visual and 
radar data. 


Ihe presence of humans on board J^llo may be considered as entirely a 

political decision, as the entire objective of the ^»llo program was to 

place a man on the moon and safely return him to earth. Ihe greater 

ocnplexities of the ^)acecraft and mission led to a return to automated 

systems, after the largely manual nature of the Gemini spacecraft. Ihus, 

for exanple, many of the abort modes were autcnatically initiated, 

edthou^ the crew did agitate for manual control of launch vehicle 

trajectory as a backtp for the Saturn fli^t control system. Ihe manual 
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clocking tecdmiques develcsped during Gemini were utilized ty ^»llo in 
luneu: orbit. 

Apollo again showed the utility of humans eis a robust bacJap system. 

It was ncTt possible to do a survey of landing sites dcMn to the level of 
all possible hazards to the lunar Module; it was therefore planned that 
the pilot would take over and steer the lunar lander to a safe landing 
site. This system worked well in every instance: the initial aim point 

for ;^llo 11, for exaitple, turned out to be ri^t in the middle of a 
boulder field. Manual control of the landing vehicle allcxi^ed the 
targeting of landings next to an unmanned Surveyor ^)ac»cxaft, adjacent to 
a (ieep lunar rille, and in the lunar hi^ilands. Hiis greatly augmented 
the cSata return, as later flints were targeted into areas of greater 
geologic:cd. interest, with fewer cptions for safe landing sites. 

Hie presence of humans to pilot the landers into safe locations may be 
(xnopared to the Viking landings on Mars a few years later: since the 

unmanned vdiicles ciid not have the image processing and ciecisioi making 
capabilities of humans, both of the landing craft had to be targeted to 
the flattest, smoothest, and therefore least interesting landing sites 
available. Similarly, the Soviet Union performed lunar eiqiloratlon with 
unmanned vehicles. However, the (quantity of saitples returned ciiffered 
from ^xillo by 3-4 orders of magnitude; since the samples were selected 
randomly from the immediate Icxation of the landing vehicle, it may be 
assumed that the equality of samples varied widely form ^xsllo as well. 
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S]<ylab, as the first American space station, involved the long-term 
habitation of space by humans. Indeed, one of the major objectives of 
Skylab was to stuify the effects of long-term space fli^t on human 
physiology; however, to use this objective as a justification for manned 
space fli^t constitutes circular logic. Much more may instead be said of 
the other science objectives of Skylab, such as earth resources, solar 
physics, and space operations. In all of these, the Sl^lab crews played 
an essential role in the success of the mission. 

Since Skylab was constructed of surplus ipollo oonponents, there was 
little significant difference between the two programs in the autanatlon 
levels of the vehicle system themselves. The only significant difference 
was in the esperiment packages, vhich in Skylab r^resented a later 
generation of technology fircm the spacecraft hardware. For example, the 
solar observing instruments in the Apollo Telescope Mount could be (and 
wesre) operated remotely the ground. However, the onboard crewmen 
could provide more immediate decisions vhen faced With fast-breaking 
phenomena, and in fact managed to record solar flares from their 
inception. Modifications to the onboard control panel of these 
instruments during the course of the Skylab mission were primarily to 
increase the ability of the crew to make immediate data records for use 
onboard, by the addition of an instant-print scope camera. 

Of greatest significance, peidiaps, was the role played by the crew in 

the repedr of the workshop and salvation of the mission. Extensive 

extravehicular activities (EVAs) were performed to free the jammed solar 

array, and to deploy a sunshade to reduce temperatures in the workshop to 
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habitable levels. Ihe three SKylab czews regularly repcdred failed 
equipment, both inside and outside of the space station, and clearly made 
possible the success of the program: had Skylab been an unmanned station 

with the state-of-the-art robotics of its time, it clearly would have had 
little or no recourse beyond those ce^)abilitles left by the launch 
accident. 


Ihe greater ccraplexity of the Space Shuttle has led to the greatest 
amount of autcmaticn yet. Fli^t crews have referred to the Qrbiter as 
the "electric airplane", since almost 2 dl functions are controlled throu^ 
the four general-purpose ocmputers (GPCs) . The atmospheric fli^t 
characteristics of the Qrbiter are such as to be practically unflyable 
without stabilil^ augmentation. Althou^ a manual direct mode does exist, 
few of the fli^t crew have much success in this mode in training 
simulations, and even this mode relies on the (SCs to Interpret hand 
controller data and command motions of the fli^t control surfaces. 
Althcu^ the fli^t control system is capable of flying the vehicle eLLl 
the way throu^ landing ("autoland") , it is interesting to note that no 
crew has yet allowed this to be tested on their mission: the commander 

edways takes over in control stick steering mode (i.e. , stability 
augmented) at subsonic transition, or certainly by the pre-flare maneuver 
at 2000 ft altitude. This is r^resentative of many of the lessons 
learned fixm shuttle operations: the flic^t crew have now been cast in 

the role of systems managers, but still demand active involvement in all 
safety-critical aspects of the mission. It would be unwise to assume that 

this trend will not continue into the era of the space station. 
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CAPABILITIES AND IZMITAnONS 


It has been said that humans are the only self-programming, hi^ily 
de3ctercus autoncnicus devices capable of being mass-produced by unskilled 
labor. Be that as it may, there are significant limitations on both 
humans and madiines in the space environment. Having evolved in the 
environroent of the esurth's surface, it is necesssury to (in some degree) 
take the conditions of earth edong with humans in space. Constraints to 
be considered include atmosphere, consumables, volume, work cycles, and 
gravity. 

Humans need ooygen above a peu±ial pressure of approximately 3 psi in 
order to survive. Thrcu^ the ipollo program, spacecraft were supplied 
with a pure oxygen atmosphere at 4 psi. This simplified several 
operational problems: the structures could be simpler, as the internal 

pressures were less; only a single gas had to be stored and delivered; and 
there was no requirement for denitrogenif icaticai prior to an 
extravehicular activily. Hcwever, the ipollo 1 fire showed graphically 
the primary disadvantage of a single-gas system. 

In Slq^lab, the atmosphere weis kept as 5 psi, with nitrogen forming the 

additional partial pressure b^ond that required for osygen. Khile this 

reduced the fleone propagation problem, the crew was less than satisfied 

with the atmosphere, as it was difficult to carry on conversations beycaid 

their immediate vicinity. Current plans for the Space Station assume a 

sea-level pressure of 14.7 psi, as used on the Qrbiter. This decision is 

coi^led into the choice of avionics; the sea-level pressure of the 
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Oxblter was partially diosen to zdlw the use of "off-the-shelf" 
air-oooled avionics. This had an effect on habitability, as the number of 
cooling fans on the Orbiter creates an appreciable amount of noise, thus 
limiting conversations to the immediate vicinity of the individuals. Ihe 
Orbiter has been operated ext^isively at 10.2 psi during pre-breathe 
cycles prior to an EV^, but this requires a significant power-down of 
avionics to prevent overheating. 

A biological organism, such as a human, is powered by a series of 
chemical reactions, and must be repleni^ed regularly. In a totally 
open-loop system (that is, no attempt at recycling anything) , humans will 
require approximately 5 kg/day of food, water, and oxygen. Recycling 
water and zdr will reduce this to 1 kg/person-day: this is equivalent to 

540 kg of consumables for a six-peirson crew over a 90 day resupply cycle. 
Even without reoycling, then, consumables are not a pacing item for a 
space station if the crew sizes are kf^t small. These figures also do not 
take into account such cperational factors as adr loss, inefficiencies in 
recycling, or food carried for reasons beyond base-level nutrition, and 
therefore the actual figures planned for consumables in space stations 
will be hitler than these academic miiumums. Many of the techniques for 
effective recycling are currently hi^ily esperimental, and will require a 
great dead of development prior to cperationad use. 

Studies have shown a direct relationship between habitable volume and 

crew performance; the minimum volume is also a function of mission 

duration. In addition to the working volume, humans need to have shared 

facilities for eating, exercising, and personad hygene, and are usuadly 
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best provided with sene private locations for recreation and sle^. 
Deciding on these Issues are sene of the most difficult choices In 
Interior station design, eis there Is often no clear relationship between 
productivity and volume; Indeed, there Is often no generally agreed-ij^xxi 
metric for productivity Itself. Other desirable modifications to a 
i^cecraft designed for long-term human occt^ancy Include windows (as mar^ 
and as large as the structural designers can be forced to Incorporate) , 
alrlociks, and redundant escape paths In case of contingencies such as hull 
penetratlcai or fire. 

Humans are not capable of working "around the clock": same amount of 

recreation Is required, edong with natural housekeeping and other sv^port 

functions and a sufficient amount of sle^. A no rmal 40 hr. week 

represents a 24% duty cycle for a human. Ass umin g five hours per day for 

meals, housekeeping, and eaoerclse represents a further 21 % of the time, 

leaving 55% of the day for sleep, recreation, arxi general off-duty 

activities, ahls may be oatpared to the averages for Skylab; 25.6% 

experiment operation (work), 33.9% meals, housekeeping, and exercise, and 

40.5% for sleep, rest, 2 uid other. It Is Interesting that the net 

percentage of time spent on experiments Is so close to that of a typical 

40 hr. week; the exhaustive pace reported ty the Skylab crews clearly 

demonstrates the Increased overhead associated with living In space. 

Evidence Indicates that the work pace established in Skylab would be 

difficult to maintain over irdefinite periods on a space statical: 

therefore, planners must either accept lower than normal duty cycles on 

experiments euid other output-oriented activities, or plan ways of 

autemating the housekeeping functions to bring these back in line (from a 
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perspective of time) with ocniparable activities associated with living on 
earth. 


One of the origins of the increased housekeeping times is the 
necessil^ of adapting to rcutine living in the wei^tless environment. 
Althcu^ it can oertadnly be maintained that insufficient eiqierienoe has 
yet been obtained to provide definitive oonclixsions in this area, clearly 
it will be difficult to overcome the millions of years of evolution in a 
gravity field in a brief time, and some performance degradation in 
wei^tlessness is to be e:qpected in the foreseeable future. Ihysiological 
reactions to extended microgravity include a number of hormonal and fluid 
shifts: the only long-term effect vhich seems to be both serious and 
progressively degenerative is a decalcification of bone material. This 
effect can be retarded to some degree by strenuous exercise, particularly 
involving ocnpression of the large bones of the leg: this has led to the 
developnent of treadmills with elastic cords r^lacing seme of the force 
of gravity, allowing aerobic running exercises. 

Seme effort has gone into examining the options for providing 
appreciable gravity on a space station, by rotating the oenponents to 
provide a centripetal acceleration. This effect can be quantified as 

g=w^r 

vhere w is the angular velocity, and g is the effective acceleration at a 

radius of r. Early plans (prior to Skylab) indicated that an angular 

velocity of 4 rpm would be acceptable, producing a required radius of 55.8 
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m for earth-normal gravl'ty. Sente research has suggested that 3 ipn (99.3 
m) ml^t be a better rotational velocity for human adaptation, even with a 
select crew population. If selection standards are relaxed to most of the 
general population, that inplies a rotation speed of 1 xpn, with a 
resultant radius of 894 m required. 

Cbvicusly, it would be extremely ccxtplex and espiensive to provide 
stations of this size. One method of easing this requirement would be to 
provide partied gravity: an early space station proposed with a radius of 
25 m at a spin rate of 4 rpn would have produced an apparent gravity of 
.45 g. Ifcwever, nothing is known of the effects of partied gravity on 
bone decedcification or other microgravity effects; this is cleeurly an 
iirportant research issue to be addressed by a space station. Short of 
this information, the logical approach is probably that being considered; 
do not provide eu±ificied gravity, and rotate the crews at interveds known 
to be safe, such as three months. 

It would be unwise, however, to overly emphasize the limitations of 
humans, without some equal attention to their assets. Ihe capabilities of 
hunans have been demonstrated repeatedly throu^iout the history of itanned 
space fli^t. The list of eiperiments repaired, satellites retrieved, and 
loissions saved would be too long to go into in this paper. Of greater 
importance than reviewing the individued performances is to summarize the 
individuad capabi l ities vhich made them possible. 
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Manual dexterity is obviously hi^ily critical for those tasks 
requiring physiced manipulations. No manipulator has yet been developed 
with anything remotely approaching the dexterity of the human hand. Some 
esperimental efforts in this direction (the Utah/MIT hand and the 
Sedisbury hand) have produced inpressive manipulator aunn at the current 
time. Ihe approach taken in the nucleaur and the \ndersea ccnimunities (the 
other two areas for application of general-purpose robotics) have tended 
towards the vise of simple and effectors, and the alteration of tasks to 
edlcw for limited dexterity. To some extent, the same is true of space 
systems designed for EVA involvemmit: current pressure suit gloves are 

still far more dexterous than manipulator and effectors, and are likely to 
continue to evolve in the future. 

Strength is (perhaps surprisingly) still an inportant issue in 
microgravity . Ihe Remote Manipulator System of the Orbiter is capable of 
manipulating payloads vp to the Orbiter limit of 65,000 lb, but is 
severely strength-limited, and therefore haindling time goes vp as magg 
goes down. The most capable system for retrieval has been shown to be an 
EVA austronaut in the Manipulator Foot Restraints, attached to an FMS with 
its joints locked. This configuration was vised for grappling the two 
HS-376 satellites retrieved on buttle mission STS 51-A, as well aus the 
Leaisat HS-393 satellite captured, repaired, and re-releaised on STS 51-1. 
This leist procedure especially, with the requirement to despin and 
capture, and later respin and deploy a massive satellite, could not have 
been effected without the strength and dexterity of a human. 
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Ihis raises an interesting side point: in most rcbotic systems 
available today, manipulators are specialized for either strength of 
dexterity, tut not both. Those arms used for positioning large masses 
generally do not have the positioning accuracy of arms used for exact 
pointing or positioning tasks with li^twei^t payloads. To sane extent, 
the microgravity environment of space may tend to help this problem, as no 
appreciable strength of the arm will go to maintaining its position in the 
absence of external forces. At the same time, mass limitations tend to 
produce li^twei^t space manipulator designs, requiring either tasks 
eu3c^xted to their flexibility, or sophisticated compensatory control 
systems to actively reduce the structural modes. 

In general, humans euoe excellent adaptive control systems. HUmans 
routinely change gains and cilgorithms based on the physiced parameters of 
the system being controlled, cuid are capable of adapting and changing to a 
continuously veuying system, within limits. Humans improve with practice, 
and can transfer learned responses to new control tasks of a similar 
nature. 


Humans are especially suited for rapid processing and integration of 
visual data. From the first memned orbital flints, crews have r^orted 
being able to see features on the ground indistinguishable from the best 
photographic records. Nuances of color, shading, and pattern may be 
instantly apparent to a human, yet be below the resolution of an 
electronic imaging system. Humcins have the capability to receive and 
derive special information from both static and (^Tiamic scenes, and 

continuously t:pdate their world model based on visued data. 

799 



Hie human ce^city for judgement is certainly well-discussed, but it 
mi^t be maintained that there is a greater utili^ for low-level 
reasoning than for Intellectual decision--making ce^ability. For example, 
neutral buoyancy tests of EV2^ shew a human capaci'ty for Instinctive 
maneuvering in the simulated wei^tless environment, resulting in 
improvement in task performance without the need for restraints, and 
without conscious consideration of boc^ actions. Hiis sort of maneuvering, 
vMch is ocnputationally octtplac for a robot, can be performed by a human 
in “background" mode ^Aiile ccmioentrating on task planning. I4hile espert 
system shells will be important for error diagnosis and strategic 
planning, it is the robotic equivalent of reflexes, instincts, and oemmon 
sense which will provide the greatest challenge for the artificial 
intelligence ccammunity. 

PUIUPE RESEARCH NEEDS 
Quantitization 

Many of the important decisions on the applications of humans and 

machines in space have been (and are currently being) based on prejudices 

frem limited prior experieixse, a priori arguments, and large, costly 

system analyses vhich have no meaningful underlying data base. Certainly, 

the path of following past experience will probably result in an cperable 

space station. However, much could and should be dem^ to formulate and 

follow a logical plan for ground-based analyses and simulations, and 

fli^t ejperiments, which would produce a meaningful data base on human 
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and machine i j ■ hj and limitations in each of the operational 

categories needed for a successful ^ce station program. There are two 
caveats for such a program: first, of course, the research must be 
performed. But equally important, the program managers must be willing to 
listen and act on the outcomes of the research, and not revert to "tried 
and tnie" solutions for the saJoe of engineering conservatism. 

i^ropriate Roles 

One of the outgrcwths of the data base development described above 
would be a greater quantitative understanding of the appropriate roles of 
humans and maohines in space operations, and the most favorable 
combinations of each to aooonplish any particular task. This may imply 
the altering of traditioncQ. roles. For example, as discussed earlier, the 
fli^t crew has insisted on maintaining an active, controlling role in 
those areas critical to safety of fli^t, or of mission success. However, 
the (apprcpriate) risk adversity of mission planners prohibits intuitive 
solvitions to any problem vhich can be foreseen prior to fli^it. This has 
led to the plethora of checiklists vhich describe the appropriate actions 
of both the fli^t crew and the ground controllers in any contingenty. 

But, it mi^t be argued, this algorithmic approach obviates the need for 
most of those cepabilities currently unique to humans, such as insist and 
judgement. Shouldn't this argue for automated systems to implement 
corrective action in the event of critical malfunctions? 
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In response to this question, em interesting parallel may be drawn 
from current find Inga in aeronauticed human factors. With the increeised 
autonony of transport fli^t c o n t rol systems, the edrline fli^t crew are 
eissuming to greater extents than ever the role of system man2kgers. Fli^t 
control systems have become capable of completely controlling the aircraft 
from liftoff throu^ touchdown and rollout. However, serious accidents 
have alreac^ occurred in edrline service, due to a fli^t crew vhioh is 
neither fully aware of the intricacies of the fli^t control system, nor 
hi^ily practiced in manual control of the aircraft. It seems clear that, 
short of removing the fli^t dedc crew and automating edrliners, too much 
automation breeds overconfidence and inattentiveness in the codq>it; the 
same will probably be found in space fli^t. 

The conclusion of this argument is to show that it is not enou^ to 
fully understand the limitations and capabilities of each of the component 
technologies: the interactions of the pieces may be far more important to 

safety and mission success than the pieces themselves. Since the possible 
number of interactions is a combinatorial problem, it is hopeless to 
postulate a rigorous or analytical solution to this problem. It is clear, 
however, that it must be approached in a logical and methodical way if 
programs as complex as space station are to be successful. 

Improved Metrics 

A problem vhioh is at once conceptually simpleand, in inplementation, 

difficult is that of expropriate metrics for human and machine performance 

in space. Performance indices based on task performance tend to be 
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vmique, or speciedlzed to a gmaii subset of tasks. Indices based on more 
generic factors, such as notions or subtasks, must take Into account the 
fact that humans and machines may be able to perform the sane tasks, but 
will liJosly use different techniques in acccmplishing them. Even among 
limited ccnimunities, such as EVA, there has yet to form any consensus on 
the appropriate measurements to produce meaningful ccnparisons between 
tasks or experiments. This will be true in larger measure as the field 
e:q)ands to include a wider range of human and robotic activities. 

An Assessment of Anthropocentrism 

Almost cill of the designs currently proposed for telerobo^c systems 
are hichly anthropocentric: that is, they tend towards a robotic 

dcplication of the human form. Artist's concepts show a head (sensor 
platform) , with two arms mounted on a torso, and with one or two "legs" 
used for grappling. This approach is xjnderstandable for a system vhich is 
designed to incorporate (or at least allow) teleoperation, but its 
assumption for a fully robotic ^stem can only be attributed to 
engineering conservatism ("stick with a known configuration") . Some 
recent results from simulation indicate that a number of manipulators with 
limited degrees of freedcm, designed to perform limited or dedicated 
tasks, may offer performance Increased over two anthropomorphic 
general-purpose manipulators. The human form, evolved in a gravity field 
for effective protection from predators, is not necessarily the best 
adaptation for space activities, and alternate forms and technologies 

should be encouraged and studied carefully. 
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C3CNCIUSI0N 


THE (FAR?) lUIURE 

Given sufficient tijne, si^iport, and determination, human beings have 
demonstrated that th^ are capable of doing almost any physical or 
intellectual task. They have shewn over the last quartei>century that 
they are fully capable of living and working in space, performing a wide 
variety of tasks, from the routine and mundane to innovative, immediate 
actions needed to save a mission or a life. One may postulate a new imit 
of measurement: the "human-eguivsdent", or a system in space with the 

same effectiveness as a single human. Such a system mi^t be caipoeed of 
a full-time human, living and working in space; of a human in space 
working part-time with a robotic system; of a teleoperated system 
controlled by a human on the ground; or even of a fully autonomous robot 
with learning and reasoning capabilities. 

It is clear that the "human-equivalent" presence in space is on a 
morvotonicedly-increasing curve. As the societies on earth start to gain 
advantages from space, the need for capabilities in space will continue to 
grew. This iicplies a parallel growth in the reqiiirement to operate 
routinely in space. 

As a theu^t ejqjeriment, let us pick that point in the future at vhich 

machine systems have become as capable as a human. It may even be 

maintained that this point is not in the far distant future; manipulative 

capabilities are edreaty approaching that of a human in a pressure suit, 

and human decisions on-orbit have been constricted to adgorithmic logic 

804 



trees easily inplemented on modem oonputers. It is dear that/ at some 
point in time, machines will be capable of performing everything currently 
done by humans in space. At that point, will we (as a nation, or a 
civilization) pull all the people out of space, and rely totally on 
robotic systems to continue the e}<ploration and exploitation of this Icist, 
infinite frontier? 

At this philosophical question, the author has reached the limits of 
his origiral charter. History indicates that humans are capable of 
performing important, ootiplex tasks in the space environment. As adaptive 
mechanisms, humans have only begun to learn how to operate in this new 
environment. 

However, much of mannec^ space fli^t to date has been involved with 
overcoming the limitations of biological organisms. Ihe evolution of 
robotic systems has been orders of magnitude more rapid than that of 
biological systems; there is no reason to assume that this new evolution 
will stop short of full human capacities, particularly if measured agadnst 
the currently limited capabilities of humans in space. It is deaur that 
both systems have strengths and weaknesses; that the best mixture of each 
is a time-dependent solution; and that, for the foreseeable future, the 
presence of each in space is an absolute necessity for the effective use 
of the other. If ccntinued development of robotic systems renders humans 
in space obsolete, that must be a rationd, conscious decision made by 
society as a vhole, based on factors beyond those appropriate to an 
engineering overview paper. 
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DRAFT 

WiaT ARE THE RELATIVE ADVANTAGES OF PBOPI£ 

OR aUOTATlOM 

Mankind's capabilities change very slowly, vhereas ocmpiters' 
capabilities have been fast-changing. The cost of a memory ooroponent has 
dropped forty percent per annum for over thirty years, and memory sizes 
have grown even more rapidly than that (Alh«s, 1981; Toong and Gipta, 

1982) . Ccnputaticn speeds have been accelerating nearly 25 percent 
yearly, the cost of logic hardware has been dropping eguedly rapidly, and 
the carputation work done with each vaiit of energy has been rising thirty 
perc^t per annum. Ccnputing hardware has become much more reliable and 
very much smaller. User interfaces and programming languages have 
improved considerably, especiedly over the leust decade. If human beings 
had evolved as rapidly as computers since the mid 1950s, the best runners 
would new fini^ a 26-mile marathon in 2.3 seconds, a bri^t student would 
complete all schooling from kindergarten through a Ih.D. in a bit over two 
days, normal eaters would consume one calorie per month, and hedf of 
America's families would be earning more than $141,000,000 annually. 

The iirprovements in ccnputing costs, sizes, and speeds have generally 
exceeded the most optimistic forecasts of yesteryear, as has the 
proliferation of oenputers. unfulfilled, hewever, have be^ the forecasts 
predicting that oenputers would Portly be able to imitate human beings. 
For example, in 1960 Simon optimistically speculated that "Duplicating the 
prcbleift-solving and information-handling capabilities of the brain is not 
far off; it would be surprising if it were not aocenplished within the 
next decade" (Simon, 1960:32). 
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Ocnputers have not, in fact, developed an ability to reason very nmch 


like people, and ccmputer simulation of human thcu^it has had little 
sucxess (Altus, 1981) . When computers look most effective solving 
problems, the ccniputers use quite different techniques than people apply 
(Weizenbaum, 1965; Winograd and Flores, 1986) . For exanple, Nes»;ell et ed. 
(1957) studied students' efforts to prove theorems in mathematical logic, 
and inferred that the students search for proofs, i;ising heuristics that 
generally lead toward proofs but do not guarantee them. Challenged by 
such work, wang (1963) devised a ocnputer program that efficiently proved 
all 200 theorems in the first five chapters of Princioia Mathematica . 
Job-shop scheduling eif fords another exairple: Scientific-management 

studies of human production schedulers led to the development of Gantt 
charts to portray graphically the activities of various machines, and thus 
to help human schedulers visuedize the cascading inplications of 
alternative assignments. COnputers generate job-shop schedules by solving 
integer-programming problems that no human oculd solve correctly without 
machine assistance. 

Ihe differences between people and ccnputers have an illvisory quality, 
insofar as people tend to take prevalent human abilities for granted and 
to notice rare or iihuman abilities. If computers did operate exactly 
like people do — working at the same speeds, making the same mistakes, 
Shewing the same fatigue, complaining about unpleasant tasks, and so 
on — people would regard ccnputers merely as inhuman labor. Ocnputers 
most inpress people vhen they augment human abilities significantly — by 
working silently and tirelessly, by calculating with dazzling speed, or by 
displaying total consistency. 
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But the quite real differences between people and ccnnputers are 
persistent and profound. Rather than regard ocniputers as potential 
imitators of human beings, it makes better sense to look i;$x3n them as a 
distinct species — a species that prefers different languages, reasons 
with scroevAiat different logic, finds comfort in different habitats, and 
consumes different foods. 

Cotrputers are much better synibol manipulators and much stricter 
logicians than people; and ooirputers are much more decisive, literal, 
precise, obedient, reliable, consistent, and transpeunent. C3ca®puters can 
act both much more quickly and much more slcwly than people. If so 
instructed, ccnputers will ceunry out utterly absurd instructions or they 
will remedn ccarpletely calm in the face of iitpending disaster. Ccmputers 
easily simulate vhat-if conditions; and they can extrapolate even the most 
farfetched implications of theories or conjectures. 

People, on the other hand, possess brains that are so much more 

ocoiplex thcin the Icungest ccsonputers that oconopEirisans make rx3 sense. These 

brains carry on numerous simultaneous and interacting processes, some of 

vhich operate entirely autonatically. Without even trying, people process 

visual and auditory data of great oonplexity. People can idiift levels of 

abstraction from detai l to general!'^ eind back, they sepeurate foreground 

images from background images, they distinguish patterns vhile remaining 

aware of cxantexts, and they attend to important or imusual stimuli while 

ignoring unimportant or routine stimuli. People have quite extensive 

memories that possess meaningful structures; and if they have relevant 
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infomatlcn in their memories, people visually knew it and they can usually 
find it. People can operate with imprecise and scanei«Aiat inconplete plans, 
and they can extrapolate their past experiences to novel situations vMle 
recognizing that they are indeed operating outside the limits of their 
direct experience (Allen, 1982; Dreyfus and Dreyfus, 1986; Moray, 1986; 
Reason, 1986; Winograd and Flores, 1986). 

Perhaps most importantly, people are more playful than computers and 
better at making m istakes. VJhereas conputers obey instxnictions literally, 
people often ignore or forget instructions, or interpret them loosely. 

Not CTily do people tend to deviate from plans and to test the limits of 
etssunptions, but many human perceptued skills and response modes depend on 
observing deviations from expectations or goals that may be evolving. 
Sometimes, people begin to doubt even their most basic beliefs. Thus, 
people generally exqxect to make mistakes and to learn from them, and 
creative people may be very good at learning from mistakes. If they have 
sufficient time, people can learn to correct their mistakes and th^ can 
reprogram themselves to take advantage of unexpected situations. Althou^ 
computers also observe and react to deviations, computers have not yet 
exdiibited much capability to devise goeds for themselves, to r^rogram 
themselves, or to question their own basic premises (Vialiant, 1984) . 
Oemputers must be told to learn from their experiences, and efforts to 
enable them to learn have, so far, been restricted to very narrow domains 
of activity. Also, computers are good at not making mistakes in the first 
place, so th^ have less need to learn from mistakes. 
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People are, however, pretty diverse and flexible. Seme people can 
learn skills and perform tasks that other people find impossible; and 
since can choose from a large pool of applicants, the extreme 
capabilities of exceptioned people are more important in i^ce systems 
than the average c^abilities of typiceil people. Ihe people vho operate 
space systems first receive thereof training, so their deficits of 
inexperience should be small; but this training itself may impose serious 
liabilities, such as a tendency to rely on well-practiced habits in novel 
situations. 

Because people are flexible and conplex, they often surprise 

scientists and systems designers: People may chauige their behaviors 

significeintly in response to ostensibly snail envirtmimental chcuiges, or 

people may change their behaviors hardly at eO.1 in response to appeurently 

leurge environmented changes. Ifcw people react to a situation may depend 

quite strcMigly on the sequence of events leading ip) to that situation, 

including the degree to vhich the people see themselves eus having helped 

to create the situation. Accurate statements about microscopic det ails of 

human b^iavior rarely prove accurate as statements about general, 

macroscopic bdiavioral patterns, or vice versa. For example, esperimental 

studies of people vho are being paid lew hourly wages for making repeated 

choices between two clearly defined, abstract symbols that have no 

implications for later events probably say little about human behavior in 

reed-life settings vhere actions may have persistent and personally 

significant consequences and vhere actors may not even perceive themselves 

as having choices. Conversely, broad generalizations about the behaviors 

of most people in diverse situations probably say little about the 
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behaviors of carefully selected people \iho are performing unusual tasks In 
\Ailch they have great experience. 


Ihe reseauxih that are inportant for designing human’-ccnputer 

systems seem to be ones corx%rnlng the proper balances among opposing 
advantages and disadvantages, rather than ones demanding new conceits; and 
the best resolutions of these Issues are certain to shift as oonputers 
acquire greater capabilities. Consequently , I will not attenpt to state 
any generalizations about the proper dividing lines ]oetween human and 
oonputer responsibilities in space systems, and I am not advocating any 
research aimed at describing human capabilities in general. Ihe designers 
of space systems should not depend on general theories, but should test 
fairly realistic mook-vps of interfaces, hardware, and software, with 
people are as well trained and as able as real astronauts and 
controllers. Ihe designers should also Investigate the sensitivity of 
performance measures to small variations In their designs (Gruenenfelder 
and Whitten, 1985) : Do snail design changes produce large changes in 

performance? Both to inprove the quallly of designs and to improve users' 
aoc^stance of designs, experienced astronauts and controllers should 
participate in the designing of interfaces and systems; and because early 
decisions often constrain later modifications, astronauts and controllers 
should participate from the beginning of any new project (Grudin, 1986) . 


EEIOPIE IMIERACTING WTIH OCMEUIERS 

Today's ccnputers cannot imitate people very closely, tut the 

differences between people and ccarputers imply that ocniblnatlons of the 
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two can achieve results beyond the capabilities of each alone. For that 
reason, NASA should devote iresearch effort to iinproving the interactions 
and synergies between people and canputers. 

Five research topics seem especially interesting and inportant because 
(a) I can see hew to pursue them and (b) I can foresee some rese 2 uxh 
findings that would translate directly into improved performances by space 
systems. 

1. Fostering Trust Between People and Expert Systems 

2. Creating Useful Workloads 

3. Anticipating Human Errors 

4. Developing Effective Interface Languages 

5. Using Meaningful Interface Metaphors 

Fostering Trust Between People and Expert Systems 

Decision-sipport systems are computer programs and data bases that are 
inte n ded to help people solve problems. Some decision-sipport systems 
merely afford their users easy access to data; other decision-sipport 
systems actually propose solutions, possibly basing these proposals on 
data sijpplied by their \isers (Woods, 1986b) . 

Expert systems are decisian-*si:pport systems that attempt to erriboc^ the 

specialized knowledge of human eiperts. Iheir proponents argue that 

e^^jert systems can, in principle, make specialists' knowledge available to 

non^)eciedists: every CPA mi^t be able to draw i?)cai the octnbined 

e}^>ertise of several tax specialists; every general practitioner mi^t be 
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able to malos subtle diagnoses that reflec± advanced training in mariY 
specialties. Ejqjert systems mi^t perform even better than human 
experts: CcBoputers may be able to obtain data that would be imavzdlable 

to people (Burke and Normand, 1987) . Ccnoputers' huge memories and hi^ 
speeds mi^t enable them to investigate more alternatives or to take 
account of more contingencies than people consider. Ccaiputers may also 
avoid some of the logiced errors to viiich people typicedly fadl prey, and 
thus may draw seme inferences that people would miss (Bobrow et ed. , 

1986), Advocates of statistical decision theory vadue oarputers' ability 
to euJhere quite strictly to such formulae. Seme proposeds would have 
cenputers formulating reccomnendations euid people then screening these 
recarrmendations amd deciding vhether to accept them (Burke cind Normand, 
1987; Dreyfus and Dreyfus, 1986; Woods, 1986a, 1986b). 

Not everyone holds an optimistic view of esq^ert systems' potential . 
Stauifill amd Wadtz (1986:1216) remarked: "Rule-based ejqjert systems ... 
tend to fadl badly for problems even sli^tly outside their area of 
ejqertise and in vinforeseen situations." Dreyfus and Dreyfus (1986:108) 
have aurgued that human es^erts do not follow decisi(mi rules but instead 
they remember "the actual outcomes of tens of thousands of situations", 
and that "If one aisks the experts for rules one will, in effect, force the 
e3q»rt to regress to the level of a beginner and state the rules he still 
remembers hut no longer uses." Ccaisequently, DreyfUs aind Dreyfus 
(1986:109) predicted "that in ary domain in vhich people exhibit holistic 
understanding, no systems based tpon heuristics will consistently do as 
well as ejqerienced experts, even if those experts were the informants vho 
provided the heuristic rules." 
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Dreyfus and Dreyfus' critique may be vcilid. IXitton and I (1971) spent 
six yeeurs stuc^ing an e^qsert production scheduler named Charlie, including 
one full yeeur investigating his procedure for estimating hew much 
production time any schedule represented. Oiarlie estimated time by using 
the relaticai: 

Production Time * Schedule Length / Speed 

"We gradually were disabused of the idea that Charlie has a 
oenputatien procedure for i^»ed and were convinced that he ebtedns his 
speed estimates by a table loOc-v^. That is, Charlie has memorized the 
associations between speed and schedule characteristics, and he looks 
speeds in his memory in somewhat the way one looks tel^hone numbers in 
a directory. In our interviews, Charlie talked as if the existence of a 
conpitation procedure was a novel idea, intriguing to oontertplate but 
difficult to conceive of. He thirdcs of the speeds in his table as 
discrete numbers distilled from a long series of unique e}$)erienoes. 
Althou^ he can interpolate and extrapolate these nuitibers — iitplying that 
the stored speeds must be specific exanples frem a systematic family of 
nunbesrs — he distrusts the interpolated values and speaks of them as 
hypotheses to be tested in application. The stored values are so much 
more reliable that they mi^t be a different kind of information 
altogether. In fact, Charlie can recount, for a large proportion of his 
table entries, specific remembered situations in vhich the circumstance 
was eiKiountered and the speed observed. The only speeds that he does not 
so document, apparently, are those appropriate to situations arising 

almost dally" (Dutton and Starbuck, 1971:230) . 
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We calculated that Qiarlie had memorized approximately 5000 production 
speeds corresponding to various situations. But we also discovered that 
Charlie 's production-time estimates could be predicted quite accurately by 
a siitple linear equation that had a meaningful and generalizable 
interpiretation in terms of the physics of the production process. Rather 
than thousands of machine speeds, this linear equation required only a few 
hundred parameters. Ihus, we could state a procedure that was siitpler 
than the one C3iarlie xased; and because this artificial procedure had a 
physical interpretation, a user oculd more confidently extrapolate it to 
novel production situations. 

One of the best-kncwn expert-system projects not only produced a 
heuristic program, DENERAL, but eilso led to the developjnent of am 
efficient adgorithm for generating molecular structures (Bennett et al., 
1981) . Evidently, the heuristic program has received little practical use 
vhereas the algorithm has had much (Dreyfus and Dreyfus, 1986) . 

One obvious question is: vhy must expert systems closely resemble 

human experts? The proponents of ejqjert systems typically equate 

esqjertise with human beings, so they see imitating human esqsertise as 

essential to creating ejqjert systems; and their critics focus on the 

differences between ccatputers and people. Yet, ccmputers possess 

different abilities than people. Omtpiter programming efforts that have 

begun by imitating human behavior have often ended ip using techniques 

that made no pretense of imitating human behaviors; and engineers and 
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sci^itlsts have devised, without imitating human e}^)ertise, mair/ 
techniques that enable oaanputers to escoeed the best of human capabilities. 

Other questions arise conceming people's willingness to depend ipon 
computer-based expertise. Collins (1986) interviewed actual and potential 
users of sevearsd. widely known eipert systems for accounting, chemical 
analysis, mathematics, medical diagnosis, and ocnputer-ocnponaits 
ordering. She found only one of these expert ^sterns that has active 
visers: the one for ordering oonputer ocnponents (RL) . It has 

strai^t-forward logical processes and it draws no subtle inferences; it 
mainly helps scdes personnel forget no details vhen they fill in orders, 
and the sales personnel said th^ appreciated not having to waste their 
time worrying about details or waiting for access to a human espert. It 
may be relevant that the users of this system sold computing equipment. 
Concerning the other expert systems, potential xxsers espressed 
considerable distrust, of other human e}perts as well as conputers; and 
the potentiad users may view these ^sterns as threatening their own 
expertise. However, the people vAio actually participated in creating 
these systems said they do trust them and would, but do not, use them. 
Collins inferred that trust in an eipert system comes either from 
participating in the design process or from being able to change the 
system to reflect one's own ejpertise. Hiis inference meshes with the 
general pattern of psychological research, but neither of these options 
was available to the computing-equipment sales personnel, vho were the 
users voicing the greatest trust in an eipert system. 
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Ocnplex jggn«ag surround the idea that a user shculd screen an expert 
system's reocnmendatlons and decide vhether to accept them. If an e}^)ert 
system draws the same inferences that its user wculd draw and if it 
reccnimaids the same actions that the user would choose, that user will 
easily learn to trust the system. Such seems to be the case with the 
eiqjert system for conpiter-ccnponents ordering. Such a system may relieve 
people from having to perform boring or ea^ work, but it adds very little 
to a user's intellectual capabilities, vhereas in principle, oonpiters' 
precise logic and extensive ocnputation capabilities and the incorporation 
of exception 2 d.ly hi^-qu^ity e}^)ertise mi^t enable expert systems to 
draw substantially better inferences than their users and to choose 
distinctly better actions. Yet a user is quite likely to distrust an 
eigiert system that draws significantly different inferences and that 
chooses significantly different actions than the xiser would do. If the 
&^)ert system also uses a carrputation2d procedure that diverges quite 
dramatically frcm human reasoning, the system may be vmable to expledn, in 
a way that satisfies users, vhy it draws certedn conclusions and not 
others. Distrustful users may never discover vhether an expert system is 
maJdng good reocmmendations or bad ones. 

Ihis calls to mind the experience of a manufacturing firm that 

installed one of the first ccnpaxter^based systems for job-^cp 

scheduling. Ihe system's creators premised that coiputer-generated 

schedules would produce considerable savings in ootrparison to 

human-generated schedules. Ihe factory's managers, hewever, were not 

entirely sure of the goodness of caroputei>generated schedules, and they 

wanted to minimize the irplied insult to their human production 
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schedulers, so the nemagers told the schedulers to follcw the ocnpiter's 
reocnmendatlons as long as they agreed with them, but to substitute their 
CMn judgement vhen they thou^t the ocnpiter had made bad 
reconmendations. An evaluation conducted after one year shewed that the 
ermiputer-’based system had yielded no improvements vhatever. 

But research may be able to suggest some answers to these issues, at 
least in part; and good design may be able to resolve them: E>q)ert 

systems, even the ones that cannot meaningfully esqpledn the reasoning that 
leads them to make oei±ain recamnendati<mis, should be able to e>^lain vhy 
th^ believe their recommendations to be good. People vho cannot 
formulate a good recemmendatien may be able to recognize a good 
recomnendation or a bad one, and people do sometimes recognize their own 
limitatiens. At least seme of the people v4io manage factories have 
learned to trust oonpiter programs for production scheduling or inventory 
control even thou^ these people could not themselves generate the 
computers' solutions. 

The foregoing observations hi^ili^t the practical significance of 

research about the factors that influence people's trust in cemputers' 

e:q)ertise. In vhat ways should a decision-svpport system's knowledge and 

logical inxLes fit each user individually? Given opportunities to tailor 

interfaces to their personal preferences, inexperienced tisers may design 

interfaces poorly (IXmais and Landauer, 1982) : Do users trust systems 

more or less vhen tailoring is postponed until the users gain considerable 

ejqjerience? Ifcw do task characteristics affect a user's willingness to 

tsnjst a decision-*si:pport system? In vhat circumstances does a user decide 
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to trust a oorputer system that captures the kncwledge of e}q)erts ^diom the 
user does not knew personaLlly? What kinds of experiences lead a xiser to 
trust a decision-sipport system that the user regards, at least partly, as 
a blackbox? What kinds of experiences encourage a \xser to see a 

i-sipport system's linitations and to override bad recanmendations? 


decision* 

DR/nFT 


Creating Useful Workloads 


3T FOR DSTRIfinUM, 

ATTRIBIinON 

OR QUOTAHLation tends to make cesrputexs responsible for routine, easy tasks 
and to leave the nonroutine, difficult tasks for people. One reason for 
this may be the perception that nonroutine tasks are interesting and 
ch 2 dlenging, and thus worthy of human attention, vAiereas routine tasks 
appear easy and \xninteresting, and so demeaning to people. But a more 
inportant reeison may be the practicality that designers Cein figure out how 
to automate routinized activities whereas they cannot effectively automate 
activities that vary. 


This division of labor produces the consequence that, eis automation 

progresses, people's work becomes more and more diverse and urpredictable 

and it takes on more and more of an emergency fire-fitting character. At 

the same time, cutting pecple out of routine tasks isolates them from 

on-going information about vhat is happening and forces them to acquire 

this information viiile they are trying to perform nonroutine, difficult 

tasks. The human controllers in a system may not even be warned of 

graduEdly developing problems until the system exceeds critical limits and 

alarms go off (Weiner, 1985) . Thus, people's work grows less do-able and 
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more stressful (Senders, 1980) ; and extreme stress and extreme time 
pressure may cause people to do poorer work and less of It. 

In many tasks, autcsnatlon also Increases the short-term stability of 
the variables used to mcmtor performance; as Weiner (1985:83) put it, 
"autcmatioi tunes out smadl errors and creates opportunities for large 
ones.” De Keyser (1986) has suggested that this short-term stabilization 
causes the human operators to shift from an anticipation logic to a 
recovery logic: instead of keqping track of events and trying to manage 

them, the operators wait for significant undesirable events to occur. 
Furthermore, "At the highest automation stage, the production operator h 2 is 
only very sketchy operating images of process and installation. ... He 
will not make a huge investment in observation, checking, judging, 
establishing relationships, gathering of data without being certain of its 
usefulness. Ihe operator does not invest psychologically in a role vAiich 
escapes him" (De Keyser, 1986:234-235). Hence, De Keyser et al., 

(1986:135) have advocated that "the person still play an active part in 
the ongoing activity, not because this presence is required, but because 
it autcmaticadly keeps the pearson 15 ) to date on the current status of the 
system, the better to respond if an emergency situation develops." Ihis 
seems a plausible hypothesis, but an equally plausible hypothesis would be 
that operators tend to work mechanistically vhen they are performing the 
kinds of activities that could be automated. 

De Ktyser eilso, however, pointed out that serious emergencies cadi for 

as much automation as possible becai;ise thty produce extreme time 

pressures, extremely ccmplex problems, and extreme dangers — all of vhich 
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greatly degrade the capabilities of human operators. Of ccurse, pecple 
are utterly unable to respond as quickly as seme esnergencies demand. 13ils 
poses a Catch-22. As long as the designers of a system have suffici^it 
understanding to be able to prescribe hcM the system should respond to a 
serious emergency, they shculd incorporate this understanding in the 
system's automatic responses. But such ocnplete understanding should 
inply that the autcnatic system works so well that a plarmed-for serious 
emergaxy never occurs. Oonseguently, vhen a serious emergency does 
arise, is not design error one prcminait hypothesis about its cause, and 
does that hypothesis not render suspect the diagnostic information being 
produced by the ^stem? Ary system-design process establishes a f rame of 
reference that identifies sente events as relevant and important, emd other 
events ets irrelevant or unimportant; emd a cost-effective system monitors 
the relevant emd importetnt events and ignores the unrelevant and 
urdmportant ones. But this is likely to mean that the system lacks 
information about some of the events that produce a serious emergency, and 
the inconplete information that the system does have available may well 
lead human diagnosticians astray. Moreover, human operators vdio 
participate continucusly in a system mi^t grow so familiar with the 
^^stem and its current status that they overlook anomalies and lack the 
objectivity to respond effectively to a serious emergency. 

Trying to diagnose the causes of an unexpected emergency and to 

develop remedies, human operators must understand cenputers and other 

mac h i n es extremely well, vAiich implies that they 2 u?e quite comfortable 

with computers and with the causal models they incorporate; but on the 

other hand, human operators must distrust their cenputers and 
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(xnputer-based models sufficiently to be able to sift ocxrputer-generated 
information with sk^jtical eyes. Similarly, confidence in their training 
can help people renain calm in an emergency, but confidence in their 
training also blinds people to its shortcomings. It thus seems likely 
that the people vho do the most good in emergencies have an ability to 
discard their preconceptions and to look at situations from new points of 
view (Luchins and Luchins, 1959; Watzlawick et ed., 1974). NASA should 
investigate the degrees to vhich such an ability varies among pec^le and 
can be predicted or tau^t. 

Workloads vary in duration as well as intensity. People can cope with 
very intense workloads for short periods, yet they ej^jerience stress from 
moderate workloads that persist for long periods (Turner and Karasek, 

1984) . Some physiological reactions to stress, such eis ulcers and 
vul n e r ability to infection, take time to develop. Ihus, the 
short-duration shuttle flints do not afford a good beisis for forecasting 
the workloads to be experienced on long-duration tours in a space 
station. NASA should continue to investigate the workload ej?)eriences 
gained from long stays in confined ^aces such as Antarctica, Seadab, and 
nu c lear subemarines (Bluth, 1984) . 

Anticipating Human Errors 

Overloading causes people to mate errors, but so do boredom, 

inattention, and indifference. Human errors are both prevalent and 

inevitable (Senders, 1980) , and nary human errors are desirable despite 

their costs. People e^^ariment, and some of their experiments turn out 
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badly. People deviate frcm their Instructions, and some of these 
deviations have bad consequences. 

Norman (1983, 1986) and Reason (1979, 1986) have Initiated research 
into the causes of errors and ways to prevent or correct them. Norman, 
for Instance, distinguished errors In intention, vhlch he cedled mistakes, 
from errors in carrying cut intentions, vhlch he called slips. He 
classified slips according to their sources, and then sought to prescribe 
remedies for various slips. Table 1 lists seme of Norman's categories and 
prescriptions . 

Recognizing errors' inportance, NASA's Human Factors Research Division 
is currently conducting some well-thou^t-out reseeuxii on error-detection 
and on error-tolerant systems. Error-detection systems wculd warn people 
vAien th^ appear to have omitted actions, to have acted out-of-order, or 
to have taJeen harmful actions. Error-tolerant systems wculd first detect 
human errors throu^ unobtrusive mcnitoring and then try to remeefy them. 

This research has much to loocmmend it. But some errors are very 
costly to tolerate, and some errors are very costly or impossible to 
correct. So hirnan-ccnputer systems should edso try to predict human 
errors in order to maJee serious errors unlikely in advance (Schneider et 
ed., 1980; Shneiderman, 1986) . That is, prevention may be cheaper and 
more effective than cure, and research on error prevention mi^t usefully 
ocnplement the current projects. 
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of course, eO.1 human-coitputer systems express sane assunptions about 
their humein participants. These eissunptions have nearly always been 
iirplicit; and they have nearly always been static, insofar as the 
assumptions have not changed in response to people's actual bdiaviors 
(Rouse, 1981; Turner and Karasek, 1984) . For many tasks, it would be 
feeisible to explicate fairly accui 3 te models of people. In fact, models 
need not be very accurate in order to make useful predictions or to 
suggest vhere adaptability to people's actual bdiaviors mi^t pay off. 
Computers mi^t, for ^cample, predict that people vho respond to stimuli 
quickly are more alert than people vho respond slcwly; or they mi^t 
predict that experienced people would respond more quickly than 
inexperienced ones; or they mi^t predict that people would be more likely 
to behave in habitual ways than in xxnusual ways; or th^ mi^t predict 
that people would be less conoemed about small discrepancies vhen much 
activity is occurring. Based on a review of human-factors lesearch, Simes 
and Sirsky (1985) hypothesized that: 

o experience or frequent xxse of a computer system decieases people's 
need for immediate feedback (closure) , 
o experience or frequent vise decreases the impoi^ance of human 
limitations in information processing, 
o experience or frequent vise decreases the impact of sensory 
overstimailation, 

o task ocaiplexd.ty increases inexperienced people's need for immediate 
feedback. 
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task conplexlty increcises the inportcince of human limltatic^ in 
the information processing by ineoqjerienoed people, and 
o task ccnplexity increases the inpact of sensory overstinulation. 

As NASA's human-f actors scientists well understand, ccnpiters that 
predict, detect, and remec^ human errors raise issues about vho is 
actusdly in control, fttien should people have the ri^t to eoperiment or 
to deviate from their instructions? 

Develcping Effective Interface Languages 

Oanmunication between people and computers may resemble ccnonunication 
between people vftio come from very different backgrounds, say a tribesman 
from the Kalahari desert and a vAiiz-kid mathematician frcm Brooklyn. 
Because conputers do differ from people, the people vho interact with 
conputers need to remain aware of these differences, and the interfaces 
for human-conputer interaction should remind users of these differences. 
This need became clear during the 1960s, vdien Weizenbaum created a 
program, ELIZA, that conversed in English. ELIZA had almost no 
understanding of the topics about vdiidh it conversed. Instead, it 
imitated blindly the vocabularies of the people with vhcm it conversed; in 
effect, ELIZA merely repeated people's words back to them. Yet Weizenbaum 
(1976:6) observed: "I was startled to see hew quickly and hew very de^ly 
people conversing with [ELIZA] became emotionally involved with the 
computer and how unequivocally they anthropomorphized it." 
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Weizenbaum's more colorful exanples ocncezned people vto did not have 


close acxjuaintance with ccnpiters. Nearly edl of the research on 
husian-ccsiputer interaction has focused on people vtio ladked thorou^ 
training and v*io had little experience with conputers. Althcui^ such 
reseauxh findings can benefit the design of training programs, design 
characteristics that have strong effects on novices may have negligible 
effects on e}^>ert users, so most of these findings may not extrapolate to 
the well-trained and e35)erienoed operators of space systems. There is 
need for studies of well-trained and experienced users. 

Sheppard, Bailey, and their colleagues (Sheppard et al., 1980, 1984) 
have run ej^)eriments with professicml programmers having several years of 
esqjerience. The first three experiments involved programs or program 
specifications that were stated either in flowchart symbols, or in a 
constrained program-design language, or in carefully phrased, normal 
English. These eiqieriments asked experienced programmers to answer 
questions about program specifications, to write and debug programs, or to 
correct faul"^ programs. The fourth experiment omitted flowchart symbols 
and substituted an abbreviated English in vhich variables' names replaced 
their English descriptions; and the progr am mers were asked to add 
instructions to programs. Table 2 summarizes the results: Normal English 

turned out to be consistently inferior, and the program-design language 
pzoved consistently stperior. 

One liability of a natural language such as Engli^ is its 
generality: Becaiase vocabularies are large and linguistic structures are 

flexible, much ambiguity surrounds each word, phrase, and sentence. 
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i^eakers cam make statenients that niean almost anything, or nothing. Even 
a restricted natural language, probably because it resembles unrestricted 
natural language, may maJce users unoertcdn vteit ccoiimands are legitimate 
and meaningful to the ccnputer system (Jarlce et al., 1985; Shneiderman, 
1986) . Ambiguity and \nused ocaiplexity create noise. 

Both people and ocoputers absorb information faster and more 
accurately vAien their interactions make good use of themes, chunking, and 
sequences (Badre, 1982; Simes and Sirsky, 1985). Overall tliemes can help 
people or oonpiters to predict vhat information to ®<pect and vdiat 
information is important. Effective chunking aggregates information into 
batches that have meaning within the context of specific tasks. Effective 
sequencing presents information in a familiar, predictable order. Themes, 
chunking, emd sequences can Inprove communication in any language, but 
th^ may become more important vhen a language has more generality. 

A second liability is that natural leinguage evcdces the habits of 
thinking and problem solving that people use in everyday life. Green et 
ed. (1980:900-901) remarked, for ecample: 

"The fundsanental strategies of parsing used by people seem, in fact, to be 
aime d first and foremost at avoiding parsing edtogether 

(i) if the end of the sentence can be guessed, stop listening; 

(ii) if semantic cues or perceptual cues (boldface, indenting, pitch 
and stress in speech) are enou^ to show vhat the sentence 
means, stop parsing; 
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(iii) if syntactic signals (and, -s, -ly, etc.) are available, vise 
them to make a guess at the sentence structure; 

(iv) if there is no help for it, make a first shot at parsing by 
cementing together the closest acceptable pairings ~ ncun to 
the nearest verb, if to the next then , etc. ; 

(v) only if that first shot fedls, try to figure out the structure 
by matching vp constituents properly. 

Not until Step (v) does the human start to parse in a manner anything like 
the ocnputer scientists' idea of parsing; and the phrase 'figure cut' has 
been used advisedly, for 1:^ the time that st^ is reached people are 
doing scntething more like problem solving than routine reading or 
listening. " 

Information displays can improve ccnprehension by offering symbolic 
and, especially, perceptual cues that help people to interpret messages. 
However, designing good displays is made complicated by the potentially 
large effects of overtly small cues. In a study of a ocnsnand language, 
for instance, Payne et al. (1984) found that risers' errors dropped 77 
percent vhen the operator words were displayed in vpper case and the 
operands were displayed in lower case, thus providing visual distinction 
between the two categories. Further, dianges that irprove performance in 
one context often degrade performance in another context, and changes that 
improve one dimension of performance often degrade another dimension of 
performance. A flowchart, for example, may help users to trace forward to 
the consequences of sane initial conditions but it may impede their 
backward inferences about the antecedents of some terminal conditions 
(Green, 1982) . 


835 



A third liability may be that natural languages lead users to cissume 
that oonputers' reascning resenibles human reasoning, vAiereas artificmL 
pro g r a mming or query languages remind users that ocnpxters' reaisoning 
differs from human reasoning. Ihis suggests that languages resembling 
natural ones mi^t be more effective media for ocmmunication between 
people and oonputers in contexts vdiere the conputers closely simulate 
human reasoning and understanding, even thou^ artificial languages mi^t 
be more effective ccrnnunication media in applications where conputers 
deviate from human reasoning. 

unstudied so far are the interactions between socieil contexts and 
interface languages; virtually all studies of interface languages have 
involved people working on tasks that they could perform alone. Yet space 
systems create strong social contexts. Ihe operators talk with eaoh other 
vAiile they are interacting with ootiputers: Queries between people 

instigate queries to conputers, and messages from oonputers become oral 
statements to other people. De Bachtin (1985) found that sales personnel 
vho were interacting with a oonputer and customers simult 2 uieously greatly 
preferred an inteirface that allowed them to pose queries in rather free 
sequence and phrasing. Thus, interface languages that apprcsdmate natural 
languages mi^it turn out to be more valtaable in space systems than in the 
situations that have been studied. 
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Using Meaningful Interface Metaphors 


DRAfT 

MDT FOR 0S11lWn*l. 

ATnannuM 

OftOtKiTATIOM 


One very significant cantribution to himan-ocatpiter interaction was 
Xerox's Star interface, vAiidi derived from many years of research by many 
researchers. The Star interface embodies a number of design principles 
that evolved frcm experiments with protol^pes. According to Canfield 
Smith et al. (1982:248-252), "Seme types of oonc^xts are inherently 
difficult for people to grasp. Without being too formal about it, cur 
experience before and during the Star design led us to the following 
classificaticxi: 


Easy 

Hard 

ocaicrete 

abstract 

visible 

invisible 

oepying 

creating 

choosing 

filling in 

recognizing 

generating 

editing 

programming 

interactive 

batch 


Ihe characteristics on the left were incorporated into the Star user's 
conceptual model. The characteristics on the ri^t we attenpted to 
avoid. . . . 
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"Ihe following nain goeds were pursued in designing the Star user 
interface: 

familiar viser's conceptual model 
seeing and pointing versus remembering and 
typing 

vAiat you see is vAiat you get 

universal commands 

consistencY 

siirplici^ 

modeless interaction 

xjser tedlorability 

" . . .We decided to create electronic counterparts to the physiced 
objects in an office: paper, folders, file cabinets, medd boxes, and so 

on — an electronic metaphor for the office. We hoped this wculd make the 
electronic 'world* seem more familiar, less edien, and require less 
training. ... We further decided to make the electronic analogues be 
concrete objects . Documents would be more than file names on a disk; they 
would be r^resented by pictures on the di^lay screen. They would be 
selected by pointing to them. ... To file a document, you wculd move it to 
a picture of a file drawer, ji:ist as you take a physical piece of paper to 
a pl^iced file cabinet." 

NASA's Virtual Environment Workstation illustrates a much more 
avant-garde metaphor (Fisher et al. , 1986) . This project would give a 
robot's operator the sensations and perspective of the robot: Screens in 

the operator's helmet would shew views taken by cameras on the robot; 
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sensors would pick x:^) the operator's arm and finger movements and 
translate then into movements of the robot's arms; and the operator's 
gloves would let the operator feel pressures that the robot's fingers 
feel. The operator would have the sensation of being inside the robot, 
and the robot would became an extension of the operator's arm and hand 
movements, even thou^ the robot might be many miles front the operator. 

Althou^ metaphors constitute a fairly new frame of reference for the 
designers of interfaces, a designer or user can look vpon every interface 
as a metaphor of something, and thus the design issue is not vhether to 
adopt a metaphor but vhat metaphor to adopt. Each metaphor has both 
advantages and disadvantages . As Star's designers noted, an effective 
metephor can both reduce the amount of learning that ine^g^erienced xxsers 
must do and accelerate that learning. An effective metaphor can adso tap 
into users' well-developed habits and ther^^ reduce errors and speed 
responses; and esq^erienced users as well as inexperienced users shew such 
improvements. For instance, Ledgard et al. (1980) sli^tly modified a 
text editor so that its commands resembled diort English sentences: The 

original, notational ocramand RS:/KV,/0V»* became C3iANGE ALL "KO" TO 
"OK", and the notational command FIND:/T00TIV became FORWARD TO "TOOTH". 

As Table 3 shows, such changes improved the performances of fairly 
e:^)erienced users as well as inesperienced users. 

But every interface metaphor breaks down at some point, both becavise a 

metcqphor differs from the situation it simulates and because an interface 

differs from the caiputer it represents. People in reed offices can take 

actions that users cannot simulate in Star's electronic office, and Star's 
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elec!trcnlc office allows actions that wculd be impossible in a real 
office. Similarly^ a robot nd^t be unable to r^roduce some of its 
operator's instinctive finger movements, and an operator in a shuttle or 
space station would lack the mobility of an unoonfined robot. Yet, users 
are likely to draw strong inferences about a ccnputer's capabilities from 
the himnan<-conputer interface. Ledgard et al, (1980:561) noticed that "the 
users made no distinction between syntax and semantics . ... To them, the 
actual commands embodied the editor to such an extent that many were 
surprised vhen told erfter the esperiment that the two editors were 
functionally identical." 


One implication is that an interface metaphor, like an interface 
Icuiguage, should naintedn some intentional 2u±ificiadity in order to wsum 
users of its limitations. Are some of the intuitive expectations that 
users bring to metaphors especially important to fulfill? For example, in 
designing the Virtual Environment Workstation, mi^t it be essential to 
use cameras that closely approximate the ^pacing and movements of human 
eyes in order to avoid having to retrain the operator's stereoscopic 
vision? Uhder stress, people tend to revert from specific, learned, 
complex m od e ls back to generic, ccmmonsense, simple models: Which of the 
expectations that users have unleaurned throu^ training does stress 
reawaken? Does stzess, for instance, increcise usezs' responsiveness to 
concrete, visible sti m uli and decrease their responsiveness to abstiact, 
invisible stimuli? 

A second implication is that designers ^ould carefully explore the 

limitations of an interface metaphor before they adopt it, and they should 
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look a netaphor as one choice freon a set of alternatives, each of 
vhlch has advantages and disadvantages. HcMever, the existing Interface 
metaphors have been developed separately, with considerable enphasls being 
given to their imiqueness; and the processes that develcped them have been 
poorly documented. So, Interface designers need to be able to generate 
alternative metaphors, they need conceptual frameworks that hl^ill^t the 
significant properties of different metaphors, and they need systeonatlc 
research to document these properties. 

* * * 


All of the foregoing topics iitply that a cenputer should adapt both 
Its appearance and the rules in programs to Its user — to taJoe account, 
for exanple, of Its user's technlced expertise, experience, frequency of 
vise, or manual dexterity. This calls for development of sophisticated 
interface software (a so-cedled User Interface Management System) that 
will recognize the n eeds of different users, allcw different users to 
express their personal preferences, and protect \:isers' individuality. 
Ihus, the cenputer needs to be able to identify a user quickly and 
unequivocally, and if possible, without ijiposing an identification 
procedure that would irritate people or delay their access in an 
emergency. 


PEOPLE ADD IMaGINATION AND POEIRY 

Efforts to jxastify space systems in economic terms will ke^ pressing 

for hitler and hi^aer levels of measurable productivi^, and so planners 
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will tend to program the operators' activities in detail. But very heavy 
workloads raise the probabilities of human error, and ocniputers will 
edways be better than people at working tirelessly and obediently adhering 
to plans. People contribute to space ^^tems their ability to deal with 
the vme}<pected, and in fact, to create the vme}^)ected by experimenting and 
innovating. They can maJce these contributions better if they are allowed 
some slack. 

Space systems' tasks are not edl located in space. Space systems 
inevitably make educational contributions that transcend any of their 
immediate operational goals. One of the major contributions of the space 
program to date has been a photograph — a photograph of a cloud-bedecked 
belli of water and dirt isolated in a black void. Before they saw that 
photograph, people's xanderstanding that markind shares a oemmon fate had 
to be abstract and intellectual ; the photograph has TnaHia this 
vmderstanding more tangible and visceral. 

People play central roles in education 2 d activities because they serve 
ss identifiable points of reference in settings that would otherwise 
medhanistic, remote, and alien. Another of the space program's major 
contributions, because it put space exploration into words that cau^t the 
hviman imagination, was Neil A. Armstrong's unforgettable observation: 
"That's one small step for a man, one giant leap for mankind" (July 20, 
1969) . 
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SUMMARY OF RE0O1MENnATIC»IS AND QUESTIONS FOR RESE;Qi|^ ^ P ' 
Fostering Trust Between People and Expert Systems 

ATTIIIBiniON 
OR QliOTATIOII 

In \diat ways should a decision-si;pport system's knowledge and logical 
rules fit eadh user individu 2 dly? Do users trust systems more or less 
v^ien tailoring is pos^oned until the users gain considerable experience? 

Hew do t 2 isk characteristics affect a user's willingness to trust a 
decision-sipport system? 

In v^t circumsta n ces d o es a user decide to trust a oenputer system 
that captures the knowledge of esperts vAiom the user does not know 
personally? 



What k i n d s of experiences lead a i;iser to trust a decision-sipport 
system that the xiser regards, at least partly, as a bladk-box? 

What kinds of experie nc es encourage a user to see a decision**sipport 
system's limitations auid to override bad reonnmarria'h-i rma? 

Creating Useful Workloads 

Does performing activities that could be automated actually keep human 

operators xp to date on the status of a system, or do operators tend to 

work mechanisticedly vAien they eure performing ixutine activities? Do 
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human operators vAio perform activities that could be automated respond 
more effectively to a serious emergency becavise their participation 
ijpdates them on the current status of the system, or does continuous 
peurticipation ma]ce operators so families: with the system and its current 
status that they overlook anomalies and lack the objectivity to resfpond 
effectively to a serious emergency? 

NASA should investigate the degrees to vhioh an ability to discard 
preconceptions varies among people and can be predicted or taught. 

What have been the workload of e:q)erienoes during long stays in 
confined spaces such as Seadab, Antarctica, and nuclear submarines? 

Anticipating Human Errors 

Reseauxh on error prevention mi^t usefully ccmplement the current 
projects on error detection and error tolerance. For many tasks, it would 
be feasible to e^^licate fairly accurate models of people that would 
enable human-oomputer systems to predict and adapt to human errors. In 
fact, models need not be very accurate in order to mate useful predictions 
or to suggest vhere adaptability to people's actucil bdiaviors might pay 
off. 

Developing Effective Interface Languages 

Virtually all studies of interface languages have involved individual 

people working on tasks that they cxxild perform alone. Because space 
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systems create strong socleil contexts, interface languages that 
approximate natural languages may turn out to be much more valuable in 
space systems. 

Using Meaningful Interface Metaphors 

Are sane of the intuitive expectations that losers bring to metaphors 
especicdly inportant to fulfill? 

Under stress, people tend to revert from specific, learned, ccnplex 
models bade to generic, commonsense, siitple models: VOiich of the 

expectations that users have unlearned throu^ training does stress 
reawaleen? 

Interface designers need to be able to generate alternative metaphors, 
they need conceptual frameworks that hi^ili^t the significant properties 
of different metaphors, and they need systematic researoh to document 
these properties. 


General 


NASA should develop a sophisticated User Interface Management System 
that will recognize the needs of diffeirent users, allow different users to 
expxress their personed. preferences, and protect users' individuali^. 
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Is there a way for a ccasputer to identify its viser quickly and 
unequivocally, withcwt iroposing an identificaticai procedure that would 
irritate people or delay their access in an emergency? 

Since NASA can choose frcm a large pool of applicants, tlie extreme 
capabilities of exc^itionad people are more inportant than the average 
capabilities of typical p)ecple. 

Ihe people vdio operate space systeaas first receive thorou^ training, 
so their deficits of ineoperience should be small. Nearly edl of the 
research on hunan-ccnputer interaction has focused on people who lac ked 
thorough tredning and vho had little eaperience with cxaiputers, so nost of 
these findings nay not extrapolate to the well-trained and eaperienced 
operators of space systems. Ihere is need for studies of well-trained and 
experienced users. 

Avoid research aimed at describing human capabilities in general. 
iT'stead, test fairly realistic mock-vps of interfaces emd systems, with 
people vho £u:a cis well trained and eis able as reed, ekstronauts and 
controllers. 

Investigate the sensitivity of performance measures to smal l 
variations in designs: Do snail design changes produce leurge changes in 

perfomance? 
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Both to improve the guedity of designs etnd to iitprove users' 
acc^ta n ce of designs, es^erlenced eistronauts and controllers should 
participate in the designing of interfaces and systems. Because early 
decisions often constrain later modifications, astronauts and controllers 
should participate from the beginning of any new project. 
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TABLE 1 Some Error Categories and Prescriptions 


Formina the Wrong Intentions 
Mode errors: 

misclassifications of systems' inodes Eliminate inodes. 

Give better indications of 
inodes. 

Use different commands in 
different inodes. 


Description errors: 
ambiguous statements of 
intentions 


Arrange controls 
meaningfully. 

Give controls distinctive 
shapes. 

Make it difficult or 
iirpossible to take 
actions that have 
serious, irreversible 
consegences. 
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Misdiagnoses: Sviggest alternative 

ejiplanations. 

Point out discrepancies 
that mi^t be 
overlooked. 

Activatlncf the Vftom Behaviors or Triggering Behaviors at the Wrong 

Tiines 

Omissions: Remind people of 

xinocnpleted actions. 

Capture errors: 

very familieur behaviors replace Minimize overlapping 

less familiar behaviors bdiaviors. 

Monitor actual behaviors 
vdiere similar behavior 
sequences diverge. 


SCURCE: Norman (1983, 1986) 
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TABLE 2 Ecm Eiqperienced Programraers' Perforroances Vary with 
Different languages 


First experiment; answer caiestions about program specifications 



Normal 

Flowchart 

Program-design 


English 

Symbols 

Language 

Time needed to answer: 




Forward-tracing questions 

45.9 

37.6 

35.1 

Backward-tracing questions 

46.8 

37.6 

35.8 

Inpat-ou'^jut questions 

42.9 

39.4 

41.0 

Percent of prograinitiers 




preferring 

14 

33 

53 

Second experiment: write and debua oroorams 



Normal 

Flowchart 

Program-design 


English 

Symbols 

Language 

Time needed to write 




and debug programs 

29.7 

23.9 

20.5 

Editor transactions 




before solution 

37 

39 

32 

Atterrpts before solution 

3.0 

2.7 

2.2 

Semantic errors 

2.4 

1.4 

.8 

% of programmers preferring 

6 

860 

35 

59 





Thtind eyperiroent: oorrect faulty programs 



Normal 

Flowchart 

Program-design 


English 

Symbols 

Language 

Tine needed to 




correct faulty programs 

18.7 

14.2 

14.5 

Attempts before solution 

1.9 

2.2 

1.9 

Percent of programmers preferring 

33 

34 

33 

Fourth exDerinent: modify and debua oroorams 



Nonral 

Abreviated Program-design 


English 

Engli^ 

Language 

Time needed to modify and debug 

28.1 

26.6 

25.0 

Semantic errors 

.9 

1.3 

1.0 

Percent of programmers preferring 

18 

32 

50 


SCURCE: Sheppard et al. (1980, 1984) 
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TABLE 3 Itext Editing With Different Qaianand languages 


English-liJce Notational 
Cansmnands Commands 

Users with less than 6 hours of experience: 

Percentage of tasks ccmspleted correctly 42 28 

Percentage of erroneous commands 11 19 

Users with more than 100 hours of experience; 

Percentage of teisks ccaipleted correctly 84 74 

Percentage of erroneous ccmnands 5.6 9.9 


SOURCE: Ledgard et al. (1980) 
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DRilFr 

THE HUMAN RDIE IN SPACE SYSTEMS fffjj ffjf^ 

A aHMENTARY dJ THE AKIN AND STARBUCK PAPERS ATTMinm 

M aWTAIXlK 

The theme of this syirposium has been to delineate key research areas 
that need to be addressed in order to establish effective and reliable 
interaction of humans with autanated and robotic systems in future manned 
space systems. Tcpics addressed in the earlier sessions included System 
Productivity, Expert Systems, Language and Display for Human-Cottputer 
Communication, Ccmputer-Aided Manitoring and Decision Making, Telepresence 
and Sijpervisory Control, and Social Factors in Productivity and 
Performance. In this final session the speakers have addressed some of 
the broader issues related to the human role in future space systems. 

Professor Starbuck has examined the sharing of cognitive tasks between 
people and ccnputers and Professor Akin has examined the roles of humans 
and machines in previous space missions and has considered hcv these roles 
may change in the future. 

In his paper, David Akin points out that any self contained device 

performing a useful function in space, whether human or robot, must rely 

on the same set of basic functions to adequately perform its mission. 

These include: sensory, oortputatianal, manipulative and locomotive 

capabilities and the environmential sipport functions necessary for the 

device to exist. Humans evolved in the environment of Earth's surface and 

are dependent upon a similar atmosphere and gravitational reference eilong 

with food, water and periodic rest/sle^ periods. The space sipport 

systems for extended-duration manned missions must aoccromodate these hxmnan 
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needs, perhaps even includinj a form of artificial gravity if it should 
prove necessary. On the other hand, machines can be designed to operate 
under a wide range of envirornnental conditions. The ta s k viiich we face is 
to understand the capabilities and limitations of humans and machines as 
determined from their past and present roles in space and to extrapolate 
to the future. Akin presents the thesis that it is not an either/or 
choice there are necessary and sufficient roles for both humans 

and machines and there are significant limitations on both. 

Pecent space missions have shewn that the hunan operator offers 
conbined advantages of manual dexterity and strength whereas most robotic 
systems available today are designed to provide either strength (e.g. , for 
positioning large masses) or dexterity, but not both. On the other hand, 
humans can offer both capabilities. Humans represent excellent adaptive 
control systems, especially well suited for rapid processing and 
integration of visued. data. They have demonstrated their capabilities in 
space to move large masses along with the capability for precise 
psychemotor coordination in delicate mechanical adjustments. 

Akin suggests that future research should be planned to produce a 
meaningful data base on human and machine capabilities and limitations in 
each of the functional categories. This will lead to a better 
qusoititative understanding of the appropriate roles of humans and machines 
and will allow system planners to }ckw vhich tasks are worth automating 
and which ones will best be done by humans for the foreseeable future. He 
points out that it is not enoui^ to understand limitations and 

1 i tj ftfi of each of the oenponent tedmologies, hut we must also 
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vmderstard the subtle interactions between the human and the machines to 
define the appropriate roles of each. 

Recognizing that humans and machines may be able to perfonn the same 
tasks but may use different techniques in aoxtiplishing them, Akin 
suggests that we also need to develop appropriate metrics in order to be 
able to produce meaningful oarpetrisons. 

He further points out that eOmoet all of the designs currently 
proposed for telerobotic systems are anthropocentric tending to duplicate 
the human form. He suggests that since the human form evolved in a 
gravity field it may not be the best model for space activities and 
alternate forms and technologies should be studied. 

Akin concludes that; (1) robotic systems are evolving rapidly, (2) 
both human and robotic systems have strengths and wea3<nesses; (3) for any 
future systems the best mixture of each is a time dependent solution; and 
(4) for the immediate future, the presence of each in space is an absolute 
necessity for the effective use of the other. 

Fran ity personal perspective, the criteria of performance, cost and 

missions success probabili'ty (program confidence based on schedule risk 

and technologiced risk) are the principal, factors that program nanagers 

and system engineers use in selecting the optimum design approach for 

meeting missicai objectives. Much as we may wish it to be otherwise, cost 

and cost effectiveness will continue to be inportant factors in designing 

future systems. I would urge, in addition to the metric catparisons of 
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performanoe suggested by Akin, that viiere possible, indices of relative 
cost be provided in order that design engineers may have a basis for 
ensuring the most cost effective utilization of the human operator in the 
space system of the future. 

William Starbuck, in his paper, reminds us that people are flexible 
and ccrplex. On one hand, they can change their behavior significantly in 
response to small enviranmentaO. changes and on the other haiii, they chamge 
hardly at all in response to apparently large environmental changes. 

Starbuck has very eloquently hi^ii^ted the behavioral differences 
between people and ocnputers and suggests that these differences can also 
mean that canbinations of the two can achieve results beyond the 
capabilities of either alone. He stresses that in defining iiiportant 
research i in hiiman-cattpater systems we should be concerned with 

achieving the proper bedance among the opposing advantages and 
disadvantages and we must recognize that the dividing lines are fluid and 
depend heavily i^xan the evolving state-of-the-art in conputer design. 
Accordingly, Starbuck suggests that space system designers should not 
depeni on general theories but rather test specific implementation 
oanc^>ts with the actual users as subjects. 

St2u±uck suggests that future research efforts can profitably be 
directed toward inproving the interactions and synergies between people 
and ccnputers. He suggests five research topics as being especially 
interesting. These are: 
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(1) Fostering Trust between People and Expert Systems; e.g., 
ejqjloring questions regarding the degree a decision-si^jport 
systems' knowledge and logiccd rules should be tailored to each 
user, and the factors that inpact the users trust and acceptance 
of the ccrputer system. 

(2) Avnidina Overload of Human Controllers ; e.g. , ejqjloring the 
delicate balance between inforroatiai overload, yet keeping the 
human in the loop by providing sufficient information for the 
human to respond appropriately >hen emergencies do arise. 

(3) Anticipating Human Errors ; e.g., esploring the basic questions 
of people monitoring maohines or machines monitoring people. 
Computers that predict, detect and remedy human errors raise 

about vho is actuadly in control, stauctuck asks "When 
should pecple have the ri^t to experiment or deviate from their 
instructions? " 

4) Developing Effective Interface l anguages! e.g., exploring the 
interactiOTS between social contexts and interface languages. 
Startuck points cut that for eiperts, working alone, program 
design languages may be si^serior to natural language interfaces. 
On the other hand in space systems, operators with different 
cultural and scientific backgrounds may need to talk to each 
other while interfacing with computers and natural language 

interfaces may prove nore effective. 
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5) Ualno Meaningfol in^/>rfaee Mfetaphors ; e.g., explorin? and 
establishing the oonc^ituai frameworks that hi0ili(^t the 
significant properties of different metaphors and their 
applications. (Every interface is a metaphor of scmething. ) 

Stai±>uck believes that NASA should develop a sophisticated User 
Interface Management System that will recognize the needs of different 
users, allow different users to esg^ress their personal preferences, and 
protect the irser's individucdity. He points cut that in the foreseeable 
future, space crews will continue to represent an e3o::eptional class of 
people in abilities, training and experience. Ihis suggests to startuck a 
more immediate need for studies of well trained ej^serienoed users, rather 
than research aimed at describing human capabilities in general. 

In providing a frame of reference for commenting upon the human 
factors research are£is identified by William Starbuck and David Akin, we 
mi(^t note that NASA's current Space Station mission model covers a broad 
range of scientific and technical objectives. This model suggests that as 
the scphistication of future payloads increases, there will be an 
acoccrpanying shift in crew support skills and requirements. A transition 
can be anticipated with the progression of time, from the more physical 
tasks of orbit^d assembly and installation to more intellectually oriented 
work activities. 

To more effectively use human intelligence, a better match is required 

with machine intelligence and with "expert" systems. Work stations must 
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(1) (xnBnunicate flxiently with humans (speaking, writing, drawing, etc.), 

(2) assist in interactive problem solving and inferenoe functions, and (3) 
provide knowledge base functions (information storage, retrieval, and 
"ej^jert” systems) for support. 

Based v^cn the observations of the preceeding speakers it would appear 
that the research issues related to work-station design would logicedly 
fall into three categories. These are: (1) Research on Information 

Seeking Processes, (2) Research on InformatiorVData Handling Processes, 
and (3) Research cm C^^eration Enhancement Processes. 

Research programs dealing with Information Seeking Processes should 
inclxide sensory/perc^stual research dealing with all sense modalities as 
well as continuing visual display development. (Continuing effort is 
required in the development of visual di^lay formats, irvasmuch as it is 
anticipated that, just as today, 80% of the information required by future 
space crews will be obtained thrcu^ the sense of sight.) 

I would group Starbuck's five research topics under the subject of 

Information/Data War|ri) ino Processes . In expanding his reooraroendations for 

establishing Meaningful Interface Metaphors I would also include, as a 

related topic, reseeuxh and develcpment of a Universal User Interface 

Management System (UIMS) . This concept for a software system that handles 

all direct interaction with the user, potentially for a wide varied of 

underlying applications, began to emerge in the human-ccnputer interface 

literature several years ago. The concert: involves two main ccnponents: 

(1) a set of tools for developers to use in specifying visual and logical 
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aspects of the user interface; and (2) a set of run time programs and data 
>-.angog for actuad-ly controlling interaction with the users. Some of the 
potential, advantages of a UUC would be; 

o Irriependence of the user interface software and the application 
software. 

o More intelligent user interfaces. 

o Rapid prototyping capability for use in develcpnent. 

o Easier involvement of manual systems and fli^t crew personnel in 
user interface design and evaluation. 

o Consistency across applications. 

o Multiple user interfaces to the same application if desired (e.g. , 
novice vs. es^ert modes of interaction) 

o Device independence (i.e. , application software does not have to 
know anything about \ihat type of input device a request came frm 
or v^t type of output device the results will be displayed on.) 

Althcui^ Starbuck does not avocate research aimed at describing human 

capabilities in general, I can't help tut believe that continuing research 

on the nature of human cognition can provide insists that will lead to 

the development of work stations permitting more effective use of human 
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cognitive capabilities. Conversely, studying the best and bri<^test 
r^sresentatives of the user comnunity as they interact with the evolving 
oono^jts of e^q^ert systeras, may in turn provide insii^ts toward defining a 
structure of hunan intellect for meuikind in general. 

Ptagftarch on Operation Enhancement should include those res e a r ch areas 
identified by Akin such as intelligent robotics, and the mechanization of 
ef factor/actuator systems. 

In addition to research dealing with Information Seeking, Infomation 
Handling, and Operational Enhancement Processes continuing attention 
also should be directed to the develcpnent of assessment techniques. 

These mi^t include such areas as: 

o vfeagiTrwnn ent of Human Productivity ; i.e. , continuing effort to 
develop valid measures of human performance and productivity in 
order to have meaningful criteria for evaluating performance and 
productivi'^ adjustments caused by changes in cperational 
procedures and system design concepts. 

o criticad. Incident Analys es of Human Performance ; i.e., continuing 
effort to investigate and understand the cause of ”human error" in 
space system operations, as well as incidents of exceptional 
performance, in order to identify and classify the causal factors 
of exceptional performance, in order to identify and claissi^ the 
causal factors and establish guidelines for the designing of future 
spio& systems. 
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In closing this session on the human role in space, we can perhaps 
gain sane perspective on the future research needs by looking at the 
lessons learned in previous manned space missions. We have lecumed from 
the US and Soviet^ space programs to date that (1) sy s tems can have 
indefinite operational lifetimes in space if they are designed to permit 
the contingency of in-flight repair and maintenance; (2) structures too 
large to be launched intact can be constructed and assembled on orbit, 
using man's unique capabilities; and (3) the flexibility and creative 
insists provided by the crew in situ significantly enhance the 
probability of successfully achieving mission objectives. 

Reflecting upon their experiences as crew members of the Spacelab-1 

mission, Garriott et al. (1984) succinctly described their activities in 

space by describing three levels of crew participation in aoconplishing 

the mission objectives. At one level, the space crew found themselves 

highly involved in reseeuxb activities and working together with principad. 

investigators on the ground in the performance and real-time 

interpretation of research results. This was the case in areas such as 

space plcisma physics, life sciences, amd some mater ials-science aind 

fluid-physics experiments. At another level, the crew found themselves 

performing other technical tasks with very little ground interaction. 

This was the cause in the instadlation of cameras on a high-giiai ity window 

or scientific airlock table and in the verification of their proper 

performance. At a third level, the specific experiments were largely 

controlled fraa the ground with the space crew participating only vhen 
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needed to veri^ experiment performance or to assist in malfunction 
analysis and correction. 

It can be anticipated that future space missions are likely to 
continue to require human si;pport at each of these levels. 

Ihe ability of the crew to manually assemble delicate instruments and 
ccnponents and to remove protective devices, such as covers, lens caps, 
etc. , means that less-rugged instruments can be used as coipcuied to those 
formerly required to survive the hi^ launch-acceleration loads of 
unmanned launch vehicles. As a result, ccsiplex mechanisms secondary to 
the main purpose of the instrument will no longer need to be installed for 
removing peripheral protective devices or activating and calibrating 
instruments remotely. With the crew members available to load film, for 
example, carplex film transport systems are not needed, and nalfunctions 
such as film jams can be easily corrected manually. The time required to 
calibrate and align instruments directly can be as little as l/40th of 
that required to do the same job by telemetry from a remote location. 

Even for pure manipulative tasks, experienced operators are found to take 
as much as ei<^t times longer using dexterous electronic-force-reflecting 
servcmanipulators as ccmpared to performing the same tasks by direct 
contact. 

In future space missions specific experiments and operations no longer 

will need to be rigidly planned in advance, but can change as requirements 

dictate. One of the greatest contributions of crews in scientific space 

missions can be in reducing the quantity of data to be transmitted to 
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Earth. One second of data gathered on SEASAT, for example, required 1 
hour of ground-based oonpiter tijne for processing before it could be used 
or examined, or a value assessment made. Before recording and 
transmitting data, scientist-astronauts in situ could determine in 
real-time v^ether cloud cover or other factors are within acceptable 
ranges. 


The astronaut can abstract data from various sources and can combine 
multiple sensory inpits (e.g., visual, auditory, tactile) to interpret, 
understand, and take appropriate action, when required. In some cases the 
human perceptual abilities permit sigrals below noise levels to be 
detected. Man can react selectively to a large number 
of possible variables and can respond to dynamically changing situations. 
He can operate in the absence of complete information. He can perform a 
broad spectrum of narmai movement patterns, from gross positioning actions 
to highly refined adjustments. In this sense, he is a variable-gain servo 
system. 

Thus, with the advent of manned platforms in space, there are 

ciltematives to the expensive deployment of remotely manned systems, with 

their operational ocnplexity cuid liigh cost of system failure. Long-term 

repetitive functions, routine ccnputations or operations, and lcu?ge-scale 

data processing functions, however, can be expected to be performed by 

computers capable of being programmed 2 uid serviced by crews in orbit, just 

as th^ aure now serviced in ground installations. In addition, the normal 

functions of the terrestriad shop, laboratory, aind production staff will 
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find c»rollary activities in the work done by the crews manning the space 
platforms of the caning generation. 

The human being represents a remarkably flexible and adaptable 
system. In terms of his basic capabilities and limitations, however, we 
must 2 dso remember that man is essentially invariant. In terms of basic 
abilities, people will not be mich different in the year 2050 than they 
are today. Recognizing this constancy in sensory, perceptual, cognitive, 
and psychcrootor abilities, the objective of the proposed research programs 
should be to inprove system productivity through (1) hardware, softvare, 
and other system inprovements that can enhemce human performeuvoe, auid (2) 
procedure and operational changes that will allow more effective use of 
the human eleonent in the man-machine systems of the future. 
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NOIES 


1. The Soviets have been reported to rely heavily on manned involvement 
in order to repair equipment and subsystems with serious shortcomings 
in reliable and trouble-free service life. 
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THE HUMAN ROI£ IN SPACE SYSTEMS 
SYNOPSIS OF GENERAL AUDIENCE DISCUSSION 


Following the presentations by the invited synposiuni speakers, the 
proceedings were opened to discussion and cointnent frcin the floor* A 
synopsis of the renarks made during this period of open discussion is 
presented belcw. 

Stephen H^l, NASA Marshall Space Flight Center, referring to the 
apparent lack of acc^jtance of expert systems by many potential users 
(mentioned by Starbuck) asked, "Is this a fundanvental limitation of expert 
systems or if not, what can be done to increase potential, xaser 
acceptance?” In reply William starbuck of New York IMiversity suggested 
that there are ways to teach people to trust expert systems. Starbuck 
pointed out that there are factory scheduling programs, for exaitple, that 
people now trust. Many factory schedulers use such programs but have no 
idea how they work and couldn't replicate them if they wanted to. After 
using them for a period of time they learn to accept them. One key to 
acceptance is that the users learn that even if the canputer may not be 
able to explain how it derived the answers to a problem, it can present 
the solution and provide an indication of hew good it thinks the answer or 
solution is. Over time, the correlation of predicted and observed results 
instills confidence in the user. 

Guilio Varsi, NASA Headquarters, suggested that not enou*^ attention 

has been paid to the inpact vAiich the degree of media exposure can have on 

the acceptance amd performance of space missions, and raised the question 
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of the degree to which such ej^xjsure is appropriate. He cited the heroic 
ijnage of the astronauts created to date. He wondered whether they are 
likely to receive this same degree of ej^xjsure in the future and how this 
ejqx3sure or lack of it may influence future performance. Varsi also 
commented on the issue of mission safety, pointing out that in addition to 
the criteria of performance and cost, safety - especially as related to 
human safety - should be of contiriuing concern. Varsi asked the question 
"As we move from the heroic to the routine, v>hat is the real level of risk 
we are prepared to sustain?" As a final point, Varsi commented that many 
interesting resecuxh issues cind questions for investigation were raised 
during the symposium and he suggested that an ordering of these research 
issues should be provided, highlighting their urgency not so much frcan the 
st 2 uic^oint of priority but rather from the sequencing or logic to be 
followed in attacking these problems. He asked, "Is there any one 
research program sequence that offers a more effective path to addressing 
the critical issues than any other one?" 

In reply to Varsi 's ccamments on risk adversity and safety, David Akin 

of MIT pointed out that, in his experience, NASA is already orders of 

magnitude more risk adversive than the undersea community, and if 

anything, NASA is becoming even more so in light of the Challenger 

accident. Akin suggested that if anything is going to drive people out of 

space entirely it is being absolutely risk free. Ihe ultimate in risk 

adversity is for humans not to go into space at all. While robotic 

devices may appecur to ejpand the options, in reality the considerations of 

risk adversity apply to equipment as well. Akin pointed out that in 

deciding to risk a one-of-a-kind $100 million telerobotic servicer to 
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service a satellite with an unfired solid rocket motor, the same issues of 
risk adversi^ must be raised for the hardware as would be raised for the 
crew in a manned mission. To put the issue in proper perspective it is 
necessary to consider risks and risk adversity in space in relation to 
potential risks and risk adversity in other fields. 

Allen Newell of Camegie-^fellon observed that no matter how dangerous 
it is, people believe it to be inportant and still want to go into space. 
One of the realities which must be faced is that by being so careful for 
the first 25 years, levels of Nationed. and World expectations of safety in 
space operations are very hi^ and as a Nation we will sixffer from that 
hi<^ level of expectation in the future. 

Joseph Loftus of NASA Johnson Space Center observed that an airplane 
that is safe in peacetime is too dangerous to go to war. He pointed cut 
that in an adversary relationship an airplane is needed that is at the 
peak edge of performance in order to succeed in its mission. Loftus 
ccanmented that this is an important point vAien thinking of space 
operations because space operation is not a venture in isolation - it is a 
conpetition. It is an exploration at a frontier and safety standards 
cannot be set so hi^ that the frontier is forfeited. At tMs point 
Session 7 of the Synposixim was concluded. 
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In iry view, three major issues emerge fran this synposium: 

1. Ihe merging of AI and robotics. 

2. The need to consider the human aspects of these AI-Robotic 
systems. 

3. The potential benefits of incorporating the sociad sciences 
into the Al-rdbotic research effort. 

Merging AI and rc±)otics appears to be something that NASA has 
already identified as an important issue. It is, in fact, one of 
the great intellectual tasks in this part of the scientific world. 
With the merging of AI and robotics, AI will finally come to deed, 
not just with the symbolic world, but with interactions with space 
(the space of three local dimensions, not NASA's outer space) : 
physical devices, movement, read time, corpliance, etc. . This will 
radically change the field of AI. It is a big step, and its success 
will depend upon developing a read understanding of the nature of 
intelligence. 
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Once AI and robotics are welded together, the concerns for the human 
eispects of these systems must be addressed edong with the concerns for the 
Al-rcbotic aspects. There are three distinct reasons for combining 
behavioral/cognitive science and Al/cortputer science in a single research 
progr a m. First, the field of cognitive science — including physiologiccil 
and motor behavior, not just cognitive behavior — provide major clues 
about developing effective Al-robotic systems. Second, the ocnbination 
will allow researchers to address the ooncems about human-ccnputer 
interaction from several perspectives. Third, in order to evaltjate the 
performance of autcmatic devices, much more hoods to be known about human 
functioning in the tasks-to-be-autcgnated. Human performarKae can be used 
as a metric of Al-robotic performance. 

Finally, a move by NASA towards the socied sciences, to incorporate 
them into an Al-rcbotic-cognitive science research pro g ram, would be very 
iirportant in the long run. An area that could benefit from such a 
combination is communication hw people use the technology to 
ccminunicate and interact with that technology and with each other. In 
this regard, the hxanan-cotrputer interaction field is currently taking 
tentative steps to beccane much more socially and communication oriented. 

Let me end with a remark about university research efforts. The 

universities, at this moment, are in an extremely pliant state with 

respect to developing cooperative efforts with external agencies. 

"Pliant”, in this context, means that they are ejqsloring, in a historic 

way, how to live with much deeper involvement with the industrial, 

ccmmerciad and government sectors. The ideal of the ivy tower seems far 
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away indeed, although the concepts of independence and objectivity remain 
solidly in place. There are reed opportunities for NftSA to build it's 
research pro g rams in ways that will benefit both NASA and the universities 
involved. 

Immense benefits can be garnered from long range, cooperative research 
programs established in conjunction with places like universities. A ten 
to fifteen year research relationship between NASA and a university might 
be expected to yield important dividends beyond the actual research 
acoorplished. The university researchers cone automatically to think in 
terms of NASA and it's problems vAien developing (or expanding) their am 
research programs. Graduate students, raised in the NASA-oriented 
research environment, will have an ingrained concem for NASA problems — 
and are likely to make a career of dealing with those types of problems. 
These aspects, though not the stuff out of which research contracts can be 
made, can be of the highest importance to efforts such as inhabiting space 
that stretch out into the far future. 


886 



! 

< 


OCNOUDING REMARKS 


ThcRias Sheridan 




The first thin? I want to do is thank the speake r s. We really 
appreciate the efforts you have put in. I also thank the organizers. A 
lot of effort went into getting this together. And I thank the 
participants — many useful and interesting ccmnents have ocme fron the 
floor. Our job, now, is to put together a report that m akes sense, is not 
self-serving, in terms of 'please, Ma, send more money', but says, in 
effect, 'look, there are sate really important research i ssues out there 
that are not receiving proper attention' . 


I was ta3dng notes, 2 »nd some of my notes have little st2U3 to indicate 
important points, for example: 


o The idea of monitoring physiologicaLI state of the operator, as well 
as monitoring the ocnputer and the roechanicail state of the 
equipment was suggested. It seems to me that continually aissessing 
the health of both is scroething that we don't still quite knew hew 
to do. 


o There were a number of issues related to the difficulties of 

defining, and measuring, system productivity. At the very 

beginning, Ray Nickerson, addressed these issues. Bob Williges 

insisted that performance is a relative measure. 
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o Bruce Buchanan and Ihotas Mitchell talked about the reality of 
ncn-numerical constraints. AI people have known this all cdong, 
twt sane of \js other engineering types haven't particularly 
appreciated the importance of coping with those non-nuinerical , or 
qualitative, aspects of time, space, and resources. They also 
pointed out the problems of maintaining eaqjert systems as 
situations change and new knowledge becomes available. 

o Allen Newell characterized the trade-off between knowing versus 
searching, a priori knowledge versus getting new knowledge 
(scmevbat related to the problem of optimal stopping in 
cjperations research) . 

o Robustness was mentioned many times, but we are not always clear 
vbat robustness implies. 

o We heard about the difficulties of eliciting (and the need for a 
better "bedside manner" for eliciting) knowledge for the 
construction of expert systems. 

o We also heard some questions raised about trust. I've looked in 
the literature on trust and there "ain't much there". Wfe need to 
understand trust and transparency and that kind of thing 
vis-a-vis the relationship between intelligent systems and their 
users. 
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Sill Hayes eaiphasized the graphicad interface and haw basic that 
is to the way people see, think, and inaJce decisions. Peter 
Poison mentioned the fact that we are now able to, as the pilots 
say, "kill ourselves with kindness” — that is, provide graphic 
displays and "aids” that are so conplicated that nchody 
understauids them. This certainly could happen with eo^ert 
systems. Randy Davis picked up the same point when he 
eibcut designing to maJce understarxling easier. 

Natural language was mentioned time amd again, but it was adso 
pointed cut that it's no panacea. That there may be languages 
\diich are not "natural”, tut vhich aure better for certain 
applications. 

Baruch Fischhoff talked about the need for shared models and the 
fact that people aure not very well cadibrated with respect to 
other people's questions and models of readity. 

We ta lked about the roechanicad work, "mamipulation” . It also was 
pointed out that we need better models of (and notation for) 
characterizing the process of manipulation. 

Allen Newell su^ested that we need a theory of presence. We 

)cncw a little bit about the effects of fidelity in simulators 

from this point of view, tut we need a much better understanding 

of vAiat it means to feel "present". 
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Karen Cook about ccBcputer-mediated comnunication, vAiich we 

are going to have one hell of a lot more of than we have had in 
the past. Vfe are not going to have situations where people are 
holding hands; they are going to be separated, and their 
canmunication is going to be mediated by ccarputers. Questions of 
socied stress and contending objectives are going to be 
aggravated or, at least, changed by ocrputer mediated 
caranunication — and by all this ”non-human expertise” that's 
floating around. 

o In the last session, Dave Akin raised questions about the paucity 
of our human performance database, and vhat people can do 
relative to what machines can do. Harry Wolbers picked up on the 
same point. 

o And, finally, a lovely notion, I think, made by Bill Starbuck is 
the inportance of being playful and deviant. 

Guilio Varsi asked about prioritizing these ide^u5. That takes a great 
deal of wisdom — but we will try^. 


There is a further ocanment that should be made. NASA has been 

extremely caxiticus abcut avoiding the risk of errors in space, especially 

vhen human life is concerned. This caution is vary laudatory. Where 

human safety is not an issue, header, there can be more risk taking with 

respect to such areas as budgetary considerations, testing of equipment, 
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and studies on the adlocatican of functions between people and 
autcsnatiorVrobotics to derive the best mix based on enpiriccil evidence. 

We have seen the evidence of this syitposium that the ccmputer 
scientists and the behavioral and human factors scientists can arrive at a 
caranon ground. We believe that this interface is obvious and extremely 
lirportant for mission success based on the best of both worlds that is 
si;perior to either autcroation or humans used alone. In fact, we don't 
believe that either one can be used alone successfully at this time or in 
the future. 

In conclusion, I thank ycu adl for trudging throu^ the sncw and sleet 
and for your worth viiile contributions. I'm sure that it has been useful 
for all of us. 
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